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Hot-wire gas tungsten arc welding is a process gaining more popularity in industry today 
due to increased deposition rate, from the resistively heated filler metal introduced by an external 
wire feed system. A modified version of this system, which incorporates an oscillation 
mechanism to modify the frequency with which the filler metal enters the molten weld pool was 
utilized in this work and the effect of varying process parameters on microstructure, weld bead 
morphology, and inclusion size and distribution are characterized. Hot-wire amperage, wire feed 
speed, frequency of wire oscillation and heat input were varied on seven wire consumables to 
determine their effects on acicular ferrite. Optimal microstructural development in high strength 
low alloy steel weldments is mainly dependent on acicular ferrite, which nucleates on oxide 
inclusions. However, with the gas tungsten arc process, it is difficult to manipulate weld pool 
oxygen content to achieve the needed level for optimal acicular ferrite formation.  The oxide 
inclusion population is investigated to determine the morphology, size and spatial distribution 
and whether they served as nucleation sites for ferrite formation. The microstructure was 
primarily affected by heat input and composition, with increasing heat input reducing the total 
acicular ferrite volume percent. These effects directly correlated to inclusion population, with 
three distinct distributions demonstrated between inclusion radii in the range of 0.1 to 0.75 
micron. Composition effects were tied to both an increase in Molybdenum, 0.1 wt. pct. to 0.25 
wt. pct., a Titanium peak at 70 ppm and Oxygen content.  The oscillation affected weld bead 
morphology, improved weld wetting but with little effect on final microstructure. Two 
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A review of the welding process, modifications to the process, and effects of alloy 
composition on specific microstructural features. 
1.1 Gas Tungsten Arc Welding 
Gas-Tungsten Arc Welding (GTAW), or Tungsten Inert Gas (TIG), is a fusion welding 
process developed in answer to a need to weld strongly oxidizing materials such as magnesium 
for example [1]. GTAW utilizes a tungsten electrode, usually doped with rare earth elements, to 
introduce heat to the work piece. The electrode is not consumed in the welding process. GTAW 
produces high-quality welds with minimal spatter, using or not a filler wire. It also allows for 
fine control of heat input. It is, however, a skill intensive and slow welding process. There are 
several subsets of the GTAW process by modifying the method of filler metal addition, shielding 
gas composition or fluxing agents. A discussion on three of these will be presented to address 
key differences in process control and function. These three are Standard/Cold-Wire GTAW 
(GTAW), Hot-Wire GTAW (HWGTAW), and Activated GTAW (A-TIG).  
Standard GTAW, or Cold-Wire GTAW, implies that the filler metal is added to the weld 
pool without any resistive effect. Be the addition manual in the form of rods or automatic in the 
form of a wire spool and feeder, the filler metal is melted by the heat input provided by the arc or 
subsequently the molten weld pool. In Figure 1.1 a schematic of the torch head is shown, which 
shows no additional wire feeding mechanism associated with it and is the torch assembly itself. 
This is the primary torch assembly, that is concurrent on all three GTAW subsets that will be 
discussed which consists of the gas lens nozzle, collet body and collet to secure the electrode and 
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fastened by the cap. The handle contains leads for the gas flow, as well as a liquid cooling 
system allowing for extended arc time and elevated amperage. Further detail on the model, 
operating parameters ranges, and consumables is detailed in the Experimental Methods section. 
The GTA welding process requires the addition of an inert shielding gas to protect the 
molten weld pool and electrode from oxidation. Shielding gases are typically pure argon, argon-
nitrogen or argon-helium blends[1], [2]. The shielding gas composition can alter the weld 
penetration profiles due to varying chemical reactions and ionization potentials. The electrode is 
comprised of tungsten which has a high melting point and low thermionic work function. To 
further stabilize the welding arc by increasing the electron emission levels, rare earth dopants are 
added, such as; thorium, cerium, ytrria or lanthanum oxides. GTAW is typically operated in 
negative polarity in which 2/3 of the arc energy is directed towards the substrate and 1/3 is 
subjected to the electrode, making it ideal for welding thick sections. During positive polarity, 
the energy distribution is reversed with the electrode experiencing 2/3 of the arc energy. 
Electrode positive polarity is useful for breaking up and “cleaning” tenacious refractory oxides, 
for example in aluminum welding [1]. 
1.2 Hot-Wire Gas Tungsten Arc Welding 
Hot wire GTAW (HW-GTAW) is a process that introduces a voltage and current to the 
filler wire, by means of an external power supply, prior to entry into the molten weld pool. This 
allows significantly higher deposition rates compared to conventional GTAW since less heat 
energy is required from the weld pool to transform the filler wire from solid to liquid form. The 
HW-GTAW system will generally modify an existing GTAW power supply and cooling system, 
by adding a hot-wire power supply, wire feeding assembly and wire guide system. Shown in 
Figure 1.2, critical differences between the GTAW system and the hot-wire system is the 
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addition of the unit on the right side of the figure. The contact tube is attached to the GTA/TIG 
torch mechanically, and the wire heating source resistively heats the wire as it leaves the contact 
tube. The wire current is typically supplied as direct current (DC) compared to alternating 
current (AC) to reduce arc instabilities caused by magnetic arc blow and attraction phenomenon 
in AC. Due to the hot-wire proximity to the welding arc, the polarity and current magnitude 
passing through the wire interacts with the arc magnetic field, leading to arc attraction or 
deflection relative to the hot-wire mitigated by the introduction of  pulsed current power supplies 
were created [3], [4].  
 
Figure 1.1 Schematic assembly of a gas tungsten arc welding torch [5]. 
 
 
Figure 1.2 Hot-wire gas tungsten arc welding system shown schematically [6]. The hot-wire 
system is added in-line between the power source and the torch head, generally as a ‘plug-and-
play’ system, minimal additional hookup required. 
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1.2 Activated Gas Tungsten Arc Welding 
The Activated Gas Tungsten Arc Welding (A-GTAW) process was first proposed by 
Paton Electric Welding Institute and involved a coating of flux applied to the part, which is then 
welded over, to increases weld penetration. Commonly used fluxes are TiO2, SiO2, and Cr2O3 
[7]. The flux is prepared by using one, or a combination of different component oxides in the 
powdered form. They are then mixed with an alcohol, such as acetone or ethanol, to produce a 
slurry which is then painted onto the part and allowed to dry leaving the flux adhered to the 
surface. As welding occurs, the depth of penetration is significantly increased over the parts that 
are coated due to changes in arc constriction and surface tension[7]–[12].  
Arc constriction: As the conductivity of the flux is much lower than that of the metal 
vapors and the melting and boiling points of the flux is higher than that of the weld metal, the 
metal evaporation would be generated only in the central regions of the welding arc [7]. This is 
where the temperature of the flux compounds will be higher than their respective dissociation 
temperatures which leads to a reduction in the conductivity area of the anode spot [11].  
The assessed change in arc constriction was from in-situ images of the electrode and arc 
with two different shielding gases and with and without the flux coating. The difference stems 
primarily from the arc intensity. A negligible effect on weld depth, but a slight variance in weld 
width due to the effect. Although separating the difference in weld penetration from the surface 
tension is not clearly defined. The images in Figure 1.3 demonstrated the process of arc 
constriction when the gas tungsten arc moved from the bare plate to the flux-coated area. When 
the gas tungsten arc moved into the flux-coated region, arc plasma was constricted gradually 
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both in the horizontal direction and in the vertical direction. Consequently, a smaller arc 
surrounded with a thin layer of blue plume appeared above the pool surface pasted with flux.  
As the helium-shielded gas tungsten arc moved into the flux-coated region, it also could 
be identified that the peripheral blue plume tended to minimize its size. Arc constriction and 
increase in voltage can cause the width of the weld to become narrower but have little effect on 
penetration [12], [13]. However, an increase in voltage was not measured in conjunction with the 
images. There is some skepticism on the theory of arc constriction, or at least the magnitude of 
its actual effect on the arc, beyond the visual apparent constriction as shown in Figure 1.3. Figure 
1.3  – A) and B) are with helium shielding gas and the arc and anode spot, shown directly below 
the arc, shift and change between the two with A) having no flux and B) containing the flux. 
 
 
Figure 1.3 A) Helium shielding, GTAW with no flux. B) Helium shielding GTAW with flux on 
the workpiece. C) Argon shielding GTAW with no flux. D) Argon shielded GTAW with flux on 







The second explanation is a reverse of Marangoni effect, with the Marangoni effect 
defined as surface tension driven fluid flow. The applied flux wets the surface of the molten pool 
and has a significant effect on the composition, specifically oxygen content, which in turn 
modifies the surface tension.  Change in fluid flow is related to the Thermal Coefficient of 
Surface Tension of the molten pool: If the thermal coefficient is negative, the cooler peripheral 
regions of pool will have a higher surface tension than the center of the weld pool and the flow 
of the molten metal will be directed outwards creating a wide shallow weld pool shown in Figure 
1.4.  
 
Figure 1.4 Schematic of A) Marangoni convective flow with the resultant shallower bead and B) 
Reverse Marangoni convective flow and the increased depth of penetration [8], [9]. The change 
in flow direction is characteristic of the surface tension change. 
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Heiple and Roper proposed that surface active elements such as oxygen, sulfur and 
selenium change the temperature coefficient of the surface tension for iron alloys from negative 
to positive and further influence the direction of the fluid flow in the weld pool [8]. With a 
positive gradient, the flow of the molten metal will be reversed to the center of the weld pool and 
in the center the molten metal flows down. This creates a narrower deeper weld pool for 
precisely the same welding conditions [9]. The commercial fluxes tend to produce a surface slag 
residue which is required to be removed. 
1.3 Microstructure 
For a given weld thermal cycle, the as deposited microstructure depends on several 
important variables; the total alloy content, size distribution and chemical composition of the 
inclusions, the solidification microstructure and the prior austenite grain size. 
1.3.1 Classification of Microstructural Constituents 
The primary microstructural constituents of concern are ferrite and ferrite transformation 
products, with the most important focus on acicular ferrite. Classifying each observed phase is 
important and follows here. Classifying the microstructure per the IIW classification, IXJ-123-87 
[14].  
Primary ferrite (PF) is classified into two sub categories; Grain boundary ferrite (PF(G)) 
and Intragranular polygonal ferrite (PF(I)). PF(G) is noted as veins or polygonal blocks of ferrite 
that are associated with prior austenite grain boundaries whereas PF(I) are polygonal ferrite 
grains found within the prior austenite grains, not associating directly with the boundaries. PF(I) 
are approximately three times larger than the average width of surrounding acicular ferrite or 
ferrite with secondary phase laths. Acicular ferrite (AF) are found within the prior austenite 
grains and are a small non-aligned ferrite grain, generally with a basket weave-like interlocking 
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structure. Ferrite with second phase (FS) is also classified with two subcategories; ferrite with 
aligned second phase (FS(A)) and ferrite with non-aligned second phase (FS(NA)). FS(A) 
appears as a minimum of two parallel laths of ferrite with an aspect ratio greater than 4:1 
whereas with FS(NA), the ferrite surrounds phases that are approximately equiaxed and 
randomly distributed [14].   
The IIW classification scheme refers to the first phase forming as primary ferrite, termed 
PF. Prior austenite grain boundary primary ferrite allotriomorphs are termed PF(G) in the IIW 
classification scheme and are usually observed in the form of polygonal grains or veins as shown 
above. In weld metals, particle dispersed steels and microalloyed steels, ferrite may nucleate not 
only at the austenite grain boundaries but also on particles inside the austenite grains. At lower 
temperatures, a change from the austenite to ferrite crystal lattice occurs. The principal phases 
are Widmanstätten ferrite, bainite and martensite. 
Ferrite - In low hardenability materials, the first phase usually forming on prior austenite 
grain boundaries is allotriomorphic ferrite, as shown in Figure 1.5. A Kurdjumov– Sachs 
orientation relationship is observed between the ferrite and one austenite grain, which then grows 
into the adjacent austenite grain[15], [16]. At lower temperatures, ferrite may begin to nucleate 
on inclusions inside the austenite grains and this is idiomorphic ferrite. Ferrite idiomorphs do not 
demonstrate a fixed orientation relationship with the matrix grains into which they grow. Grain 
growth tends to be controlled by substitutional element diffusion away at low undercooling and 
carbon diffusion at high undercooling.  
Widmanstätten ferrite - Widmanstätten ferrite formation occurs at lower undercooling. 
The growth mechanism is thought to involve the simultaneous formation of pairs of mutually 
accommodating plates so that less driving force is required for transformation than with bainite 
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or martensite. The ferrite plates grow rapidly with a high aspect ratio at the relatively low 
undercooling required for Widmanstätten ferrite formation. The IIW classification scheme refers 
to all forms of Widmanstätten ferrite and bainite as ferrite with second phase FS [14]. 
Characteristically, primary Widmanstätten ferrite plates grow directly from a prior austenite 
grain boundary, whereas secondary Widmanstätten ferrite plates grow from allotriomorphic 
ferrite at the grain boundaries, as shown schematically in Figure 1.6. Widmanstätten ferrite that 
grows from prior austenite grain boundary sites is usually seen as coarse side plates with aligned 
microphase, FS(A), or non-aligned perhaps FS(NA). Where there is a high density of inclusions, 
multiple hard impingements of individual Widmanstätten ferrite plates growing from inclusions 
may produce a fine interlocking structure which the IIW classification scheme refers to this type 
of structure as acicular ferrite AF[17].  
Acicular ferrite - Acicular ferrite is an intragranular nucleated morphology of ferrite in 
which there are multiple impingements between the ferrite laths creating a characteristic basket-
weave morphology. The acicular ferrite nucleates on inclusions inside the prior austenite grains 
during the gamma to alpha transformation, the density of inclusions dictates much of the 
structure produced [18]–[20]. As mentioned earlier, acicular ferrite is designated as AF by the 
IIW scheme, the nature of which is shown in Figure 1.7. Different reaction products may 
nucleate on intragranular inclusions at temperatures during continuous cooling depending on the 
nature, size and amount of inclusions. The sequence of transformations is consistent with the 
theoretical activation energy barrier to nucleation of the different sites. Acicular ferrite is 
observed as a fine interlocking ferrite structure interspersed with microphases and the shape of 
the ferrite plates may not appear to be needle-like. The different ferrite morphologies cannot 
grow very far before mutual hard impingement, so AF colonies may have differing 
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morphologies. AF refinement is dependent on the prior transformation products during the 
formation process [21].  
The nucleation of acicular ferrite shows that many of the intragranularly-nucleated 
Widmanstätten ferrite plates are associated with weld-metal inclusions however, in addition to 
the nucleation of intragranular ferrite on inclusions, ferrite side-plates also develop from pre-
existing inclusion-nucleated Widmanstätten ferrite. This ‘sympathetic’ nucleation can play a 
dominant role in the development of the acicular ferrite microstructure [22]. The fine 
interlocking microstructure which is characteristic of acicular ferrite may then be related to 
subsequent multiple sympathetic nucleation events. The optical micrograph, Figure 1.8, shows 
acicular ferrite co-existing with other ferrite morphologies such as Widmanstätten ferrite and 
allotriomorphic ferrite. This chaotic arrangement of lenticular ferrite plates within an austenite 
grain is one of the mechanisms by which the toughness is improved in the welds, through 
increasing total crack propagation distances. This arrangement is promoted by the nucleation of 
acicular ferrite on oxide inclusions and impinging on one another [23], [24]. 
Bainite - Bainite is generally recognized as forming at temperatures where diffusion controlled 
transformations are sluggish and has features in common with low temperature martensitic 
transformations. It grows as individual plates or sub-units to form parallel arrays or sheaves as 
seen in Figure 1.9. There is no redistribution of iron or substitutional solute atoms at the 
transformation interface [25]. Bainite has been categorized into two component structures, upper 
and lower bainite, depending on the transformation temperature. Carbon partitions into the 
residual austenite in upper bainite, and precipitates as cementite between the bainitic ferrite 





Figure 1.5 Schematic representation of allotriomorphic and idiomorphic primary ferrite [16]. 
Polygonal ferrite, allotriomorphic ferrite and ferrite veining are less desirable than the 









Figure 1.7 Schematic of acicular ferrite nucleation on inclusions, also shown are bainite and 
primary ferrite within a prior austenite grain [16]. Not all inclusions nucleate acicular ferrite and 





Figure 1.8 Light optical micrograph of a low carbon-manganese weldment. Along the austenite 
grain boundaries, proeutectoid ferrite can be seen (arrows). Intragranular ferrite has formed 
within the prior austenite grains, at A) Widmanstätten ferrite and B) lenticular laths of acicular 







In lower bainite, the ferrite becomes supersaturated with carbon and some carbide precipitation 
occurs within the ferrite sub-units as well as between them.  
Martensite - Martensite is classically an extremely rapid, diffusionless transformation where 
carbon is retained in solution. As the austenite lattice changes from FCC to the required 
martensite BCC or BCT lattice, strain energy considerations dominate and the martensite is 
constrained to be in the form of thin plates [27]. In low carbon steels (less than ~0.2%C) lath 
martensite with a BCC crystal structure is the commonly occurring form and is designated M in 
the IIW scheme. The martensite units are formed in the shape of laths that are grouped into larger 
sheaves or packets. Martensite, whether in plates or lath form, is difficult to resolve under the 
light microscope and tends to have a slow etching response, however a triangularity associated 




Figure 1.9 Schematic of bainite nucleation and morphology [16]. The bainite sheaves and 




1.3.2 Formation of Acicular Ferrite 
As mentioned previously, the acicular ferrite size, and refinement are partially dependent 
on prior transformation products. To describe acicular ferrite formation with respect to the 
overall microstructure evolution a schematic of the phase changes that occur is presented in 
Figure 1.10 with approximate transformation ranges, which are dependent on alloying additions 
and would shift with composition. The weld pool region is heated to temperatures in excess of 
2500 °C, the liquid steel dissolves oxygen. As the liquid weld metal cools from this temperature, 
in the temperature range 2000 °C–1700 °C, the dissolved oxygen and deoxidizing elements in 
liquid steel react to form complex oxide inclusions. Solidification to delta ferrite starts and 
envelops these oxide inclusions; and this delta ferrite transforms to austenite in the temperature 
range 1700 °C –1600 °C. Following that from 1600 °C to 800 °C, austenite grain growth may 
occur. Lastly 800 °C –300 °C, the austenite decomposes to different ferrite morphologies; 
allotriomorphic ferrite (a) at prior austenite grain boundaries [19], [29]. Widmanstätten ferrite 
nucleates with continued cooling and extends intragranular into the austenite grain. At lower 
temperatures, acicular ferrite nucleates on the inclusions present with the prior austenite grain. If 
there are few or no potent inclusions, bainite or martensite may form instead of acicular ferrite. 
Acicular ferrite formation and how it is impacted by inclusions can potentially be explained by 
four major mechanisms which are illustrated schematically in Figure 1.11.  
(1) In the first, the inclusions act as inert surfaces leading to a reduction of activation 
energy and ferrite nucleation is promoted by acting as a substrate for the formation of a ferrite 
nucleus reducing the overall energy barrier to nucleation. The ratio of the activation energy for 
nucleation on inclusions to that for homogeneous nucleation will decrease with an increase in 





Figure 1.10 Illustration of a generalized low carbon welding microstructure and associated 
possible microstructural transformations [19], [29]. The progression through each temperature 
range and the associated nucleating microstructure is shown. 
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1.3.3 Nucleation of Acicular Ferrite 
 
Figure 1.11 Four possible acicular ferrite nucleation mechanisms demonstrated with respect to 
the nucleating inclusion [29]. Shown are four possible nucleation mechanisms; (a) nucleation on 





This is shown above using classical heterogeneous nucleation theory and demonstrates 
the efficiency of inclusions in nucleating ferrite. The nucleation of ferrite at inclusions is always 
energetically more favorable than homogeneous nucleation, but significantly less than nucleation 
at austenite grain boundaries. This suggestion has been supported by other researchers such as 
Dowling et al. and Liu and Olson [21], [30].  For example, TixOy (titanium oxides) and the spinel 
structure AI203-MnO (galaxite), have both been suggested to be active nucleants, while MnS 
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(manganese sulfide) was dismissed. However, other authors have reported that sulfides play a 
role due to the repeated occurrence of sulfides in nucleating inclusions.  
(2) Having a lower lattice mismatch between inclusions and ferrite can also reduce the 
activation energy for nucleation. The product phase nucleus (i.e. ferrite) adopting rational 
orientation relationships with respect to both the inclusion and the austenite such that low-energy 
interfaces may form between the ferrite and both the austenite and inclusion [17], [31]. This 
suggests selectivity for particular types and surface chemistries of inclusion. It has been proposed 
that several specific phases with lattice parameters within inclusions are responsible for 
nucleating acicular ferrite. The lattice disregistry hypothesis was rejected by Dowling who did 
not find any correlation between acicular ferrite and inclusion phase composition, or evidence for 
epitaxial relationships between inclusions and adjacent ferrite grains [21].  
Inclusion-assisted nucleation is a heterogeneous process in which interfacial energy at the 
nucleating interface is one of the major controlling factors and lattice disregistry can be 
considered as one of the contributing factors to nucleation [30]. Disregistry can be expressed by 
the Turnbull equation, shown below as Equation 1.1, = ∆����        (1.1) 
where ∆aois the difference between the lattice parameters of the substrate and the nucleated solid 
for a low index plane, and aois the lattice parameter for the nucleated phases [32], [33]. The 
greater the disregistry between the substrate and the nucleating phase, the less effective the 
compound is in promoting nucleation. The disregistries between several oxides, nitrides and 
ferrite were determined. Aluminum and Titanium which are present in the majority of inclusions 
associated with high volume fractions of acicular ferrite, show low disregistry in the forms of 
titanium monoxide and alumina. 
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(3) Inclusions may deplete the elements such as carbon, manganese and silicon from the 
austenite. By affecting the local chemistry of the austenite, the driving force for the nucleation of 
ferrite at the inclusion surface is increased. These microcompositional changes occur over 
distances as small as 0.1 microns making this difficult to measure [17]. The idea of a localized 
composition variation effect, however, was discounted by other researchers, who could find no 
evidence for such localized elemental concentrations. There have been many investigations into 
the effect of inclusions on acicular ferrite nucleation, many of such studies were carried out on as 
deposited samples after the bulk gamma to alpha transformation had finished. This makes it 
difficult to precisely determine if any individual inclusion had or had not operated as a nucleant 
for a particular acicular ferrite lath [34]. In order to identify which mechanism is operating, a 
classification between nucleating and non-nucleating inclusions is essential. Barbaro et al. 
suggested that inclusions capable of nucleation were those in contact with multiple acicular 
ferrite laths, while non-nucleating inclusions were those which were simply enveloped in one, or 
between two, ferrite grains [35]. It is logical to assume that nucleating inclusions were those 
from which the ferrite laths were observed to be radiating outwards.  
In conjunction with the depletion theory, the inclusion type was also considered to affect 
the weld metal ferrite formation. Grain boundary ferrite and ferrite side plates are usually 
associated with inclusions with manganese and silicon, with or without sulfur [23], [31]. 
Acicular ferrite appears to be associated with aluminum-bearing particles for example, at 
aluminum manganese silicate inclusions which were not covered by sulfur coating and which 
contained some titanium. Aluminum oxide particles were found, however, not to favor 
intragranular ferrite nucleation. Ricks et al. detected the presence of manganese sulfide on the 
surface of some of the inclusions [17]. They also observed a decrease in the inclusion titanium 
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content in the sulfide coated particles. This seems to indicate that the idea of specific types of 
inclusions being associated with particular microstructures may not be generally valid. However, 
for two reasons, many other researchers considered that MnS inclusions or coating phases 
inhibited the nucleation of acicular ferrite. First, they have identical thermal expansion 
coefficients to that of the austenite matrix and would not be able to generate enough strain 
energy for the nucleation process. Second, they have a high lattice misfit with ferrite and 
therefore would not be effective according to the low lattice disregistry hypothesis [32], [36]. But 
that doesn’t explain the repeated presence of the sulfide. 
(4) Due to a difference in thermal expansion coefficients of austenite and inclusions, 
thermal strains may develop near the inclusion austenite interface, which may reduce the 
activation energy for the formation of a ferrite nucleus [37]. Increased stress-strain fields around 
the inclusions are attributed to differences in thermal expansion coefficients between the 
inclusions and austenite matrix. The thermal expansion coefficient of the iron matrix is much 
higher than that of the oxide inclusions. During cooling, the austenite matrix is strained due to 
the presence of inclusions. The local stresses around the inclusions can be so high that the matrix 
adjacent to the particles becomes plastically deformed [19], [38]. The lattice distortion near the 
dislocations can assist nucleation by reducing the total strain energy of the ferrite and by 
providing growth. In considering the stress-strain field effect, Abson, Liu and Olson concluded 
that this effect might not be operative [30], [39], [40].  
Zhang and Farrar suggest that the crystallographic nature of the inclusions, and the stress-
strain fields surrounding them, which arise from the difference in thermal expansion between 
inclusions and the austenite matrix, may not be controlling features for acicular ferrite  
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formation [36]. Considering the stress-strain field effect in more detail, Dowling et al. pointed 
out the difficulties of calculating the exact volume change which occurs on cooling [21]. Abson 
also concluded that the stress-strain field effect was not operative, due to the inability to find a 
high thermal stress inducing inclusion composition [39]. For example, MnS, which have small 
strain fields, were found to play a very active role in nucleating the acicular ferrite. 
1.3.4 Inclusion Size and Distribution Effect on Acicular Ferrite 
This size and distribution are strongly associated with the number of inclusions and the 
size range. Zhang and Farrar evaluated nucleating inclusions and found that there was a 
distribution of sizes which nucleate acicular ferrite ranging from 0.2 micron to 1.3 micron [41]. 
However, 90% of nucleation assisted nucleation was found to lay within a diameter 0.35-0.75 
micron for the gas tungsten arc welds. These are corroborated with the calculations by Ricks et 
al. as well as experimentally observed by Liu and Olson, where the inclusions of diameter 
greater than 0.2 microns were the active inclusions for the acicular ferrite nucleation, as a 
diameter of less than 0.2 micron would be pinned at the prior austenite grain boundaries [17], 
[40]. The actual number and size distribution of non-metallic inclusions are controlling factors in 
influencing the formation of acicular ferrite.  
A balance between, appropriate numbers of suitably sized inclusions which are required 
to provide enough nucleation sites for ferrite. Then, inclusions of sufficient size are required to 
pin the prior austenite grain size and prevent proeutectoid ferrite from growing intragranularly 
[35], [41]. This concept helps to explain the influence of, and sensitivity of acicular ferrite to, 
oxygen content. When the oxygen content is reduced from 300ppm to less than <30 ppm, the 
number, volume fraction and average diameter all decreased as well meaning there would be 
fewer critically sized inclusions for the nucleation of acicular ferrite in these welds [42]. This is 
21 
 
also dependent on composition. Figure 12 shows two welds, with the major compositional 
differences being reduced amounts of aluminum and titanium in the second one. There is a 
behavior shift that is apparent from a broadening of the inclusion size distribution above 0.4 
microns with the increased aluminum and titanium. Small amounts of TiO and Al203 can 
promote acicular ferrite by substantially improving the efficiency of inclusions as ferrite 
nucleants through a change in the size distribution [43]. This is attributed to the high melting 
temperatures and low formation free energies of TiO and Al203 phases compared with 
manganese silicate and sulfides. 
Two submerged arc welds were examined by Babu et al. with differing compositions but 
similar heat inputs [44]. Of interest is that the two welds had significantly different nominal 
oxygen contents, as shown Weld (a) had 840 ppm whereas Weld (b) had 240 ppm oxygen, this is 
reflected both by the distribution and the number of inclusions seen in Figure 1.12. The authors 
note that there was also a shift in the nominal inclusion composition, Weld (b) has aluminum 
rich inclusions as it was likely one of the first oxides to form and left little oxygen for other 
oxides, reinforcing the importance of oxygen content. 
TEM micrographs of a series of inclusions were taken by Lee et al, to determine how the 
inclusion distribution plays a role in the nucleation of acicular ferrite [45]. Many inclusions were 
characterized as nucleating and non-nucleating, as shown in Figure 1.13, and then a size 
distribution was associated with each one. It is interesting to note the behavior, a larger inclusion 
size, itself to be above 0.3 micron were associated with an increase in nucleating inclusions. The 
total inclusion population and inclusion content plays a role, in Figure 1.14 an increase of 
acicular ferrite is proportional to the total number of inclusions, to a maximum amount as a 




Figure 1.12 Inclusion size histogram for two weldments, the top, Weld (a) having increased 
titanium and aluminum [44]. The inclusion diameter distribution trends towards inclusions in the 





Figure 1.13 Four types of inclusion behavior, defined by the ferrite lath structure and whether the 
inclusion is a nucleating site for acicular ferrite or not. This was based upon the ferrite laths 
impinging directly onto the inclusion shown as Type 3 and Type 4, above. Also included are the 
associated size distributions with nucleating and non-nucleating types, with Type 3 and 4 




Figure 1.14 The relationship between acicular ferrite volume percent and total inclusion 
population is shown [36]. With increasing inclusion population, the acicular ferrite content 
increases, approaching a maximum. 
 
 
1.3.5 Sympathetic Nucleation of Acicular Ferrite 
Sympathetic nucleation was mentioned briefly before and deserves some additional 
discussion. The idea involves secondary acicular ferrite formation from the ferrite laths formed 
earlier by inclusion assisted nucleation, which can be occasionally observed in the slightly lower 
temperature regions of a quenched weldment. The sympathetically nucleated acicular ferrite 
displayed a large orientation angle with respect to the initial nucleus and appeared to be growing 
to fill the remaining space in the austenite matrix between the developed ferrite [22]. The 
resultant structure is smaller in dimension and produces the fine interlocking morphology seen in 
acicular ferrite. Some secondary acicular ferrite laths have been observed nucleating from the 
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grain boundary interface between the developed polygonal ferrite and the austenite matrix, 
reported by Ricks et al. [17]. This type of sympathetic nucleation proved to be relatively 
insignificant compared with the instances noted for the intragranular areas. 
 
 
Figure 1.15 Sympathetic nucleation shown schematically, with Edge (E) and Face (F) 
orientations [37]. The likelihood of nucleation tends towards the edge to edge orientation 
however, to achieve an interwoven acicular morphology, there would be a bias to edge to face 
type geometries.  
 
 
Sympathetic nucleation gives rise to plates of differing orientations as illustrated in Figure 1.15. 
Possible geometries involve nucleation of lath edge and faces to other lath edge and faces; 
however, the likelihood of each orientation has a different driving force required and the 
likelihood of formation differs, with the edge to edge orientation being preferred, followed by the 
face to face. The edge to face orientation is the least likely, however this orientation becomes 
more favorable with local super saturation effects taken in to account at the expense of the face 
to face orientation [46]. The delineation between a sympathetically nucleated lath and the fine 
interlocking basket-weave of impinged acicular ferrite laths are difficult to distinguish, but it 
accounts for the ferrite laths that don’t appear to have a nucleating inclusion directly associated. 
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1.3.6 Prior Austenite Grain Size and Acicular Ferrite 
As acicular ferrite forms intragranularly the size of the prior austenite grain plays a 
factor, conceptually a larger grain will result in more area within the grain for acicular ferrite to 
form. The ratio of the grain boundary and intragranular nucleation site densities can be changed 
to obtain the desired microstructure on transformation from austenite [41]. The ability of 
inclusions to induce intragranular acicular ferrite is an established concept however the exact 
mechanism bore earlier discussion. Removal of inclusions causes an acicular ferrite 
microstructure to change to one which contains bainite, which is apparent in the measured 
continuous cooling transformation (CCT) diagrams published by Homma et al. which are shown 
in Figure 1.16 [47], [48]. 
A schematic of the microstructure with and without inclusions is shown in Figure 1.17. A 
reduction of allotriomorphic ferrite and Widmanstätten ferrite leads to a corresponding increase 
in the amount of acicular ferrite [35]. Evans reported that by increasing chromium or 
molybdenum concentration, the amount of allotriomorphic ferrite decreased while, the volume 
fraction of acicular ferrite went through a maximum [49]. The volume fraction of the remainder 
of the microstructure, FS(A), increases with concentration. The reduction in acicular ferrite 
content at high concentrations of chromium and molybdenum is suggested to be a result of an 
increase in the bainite content as the volume fraction of allotriomorphic ferrite and 
Widmanstätten ferrite decreases. A reduction in inclusion density leads to a transition from 
acicular ferrite to bainite as noted above. An increase in the density of austenite grain boundary 
nucleation sites also leads to the same transition. This emphasizes the dependence of the 





Figure 1.16 CCT curve for a weld metal containing titanium oxide (A) and a titanium oxide free 
weld metal (B) [47]. The addition of titanium is apparent in the acicular ferrite replacing the 
bainite regime in A versus the titanium free weldment in B. The phases shown above are 
annotated as follows; Martensite (M), Acicular Ferrite (AF), Grain Boundary Ferrite (GBF), 






Figure 1.17 The effect of prior austenite grain size and inclusion density on potential final 





available when the weld metal reaches a transformation temperature below the bainite start 
temperature. Allotriomorphic ferrite grows as layers on the prior austenite grain boundaries and, 
since it is the first phase to grow on cooling from the austenite phase field, it should cause a 
reduction in the number density of austenite grain boundary nucleation sites and promote the 
preferential formation of acicular ferrite at the expense of bainite [31].  
1.3.7  Carbon Equivalency  
There are several Carbon Equivalency (CE) type equations, referencing carbon 
equivalent and the critical metal parameter (Pcm), as a function of alloying additions. Although 
these equations do not take into consideration the weld cooling rate or inclusion effects, a trend 
appears with increasing carbon equivalent where an initial increase in the acicular ferrite content 
is observed, subsequently followed by increasing amounts of bainite and martensite [26], [51]. 
Figure 1.18 is a plot showing the correlation between volume fraction of acicular ferrite and Pcm, 
which is calculated per Equation 1. 2. = % + % � + % +%� +%� + % � + % + % + 5 ∗ %   (1. 2) 
 
Within the range of Pcm values considered, a large scatter in acicular ferrite is observed. For a 
similar chemical composition and cooling rate, larger austenite grain size steels usually show 
higher hardenability due to a smaller grain surface area to volume ratio. This results in less grain 
boundary ferrite in the final microstructure.  
The influence of inclusions on weld metal transformations can be described as follows. 
First, they are concentrated in the grain boundary region, pinning the austenite grain boundary 





Figure 1.18 Acicular ferrite relationship with carbon equivalency [26]. Each trend line indicates 
an increasing amount of acicular ferrite with increasing carbon equivalency, in a submerged arc 




Figure 1.19 The effect of the density of the inclusions on the prior austenite grain size of the 







Too high inclusion density leads to restricted austenite grain growth, resulting in a very large 
surface area to volume ratio and increases the possibility of grain boundary ferrite occurrence. 
To verify whether inclusions were pinning the prior austenite grain boundaries or not, the 
relationship between the prior austenite grain size and inclusion number density was represented 
graphically in Figure 1.19. The inclusions that are within the austenite grains will provide 
nucleation sites for acicular ferrite formation, and an adequate inclusion density is needed to 
obtain short, randomly oriented acicular laths. A low inclusion density would lead to increased 
ferrite lath growth, resulting in longer needles prior to impingement on each other. Fine mean 
particle size, 0.14 and 0.16 micron, associated with oxides and sulfides respectively were 
determined to be critical in pinning the austenite grain boundaries [41], [52]. This lends 
additional credence to the pinning of austenite grain boundaries by inclusions dependent on the 
volume fraction and size distribution [53]. A sensitivity to oxygen and the critical metal 
parameter Pcm is shown in Figure 1.20, with the total acicular ferrite decreasing with increasing 
Pcm which is a shift from the trend shown earlier in Figure 1.18.  
1.3.8 Low Oxygen Weld Metal  
The criticality of oxygen content in the weldment is emphasized by the need for oxide 
based inclusions affecting austenite and ferrite phase transformations through pinning, or as 
nucleation sites for desired microstructures like acicular ferrite. Many alloying additions are 
strong deoxidizers (Ti, Mn, Al) and the weld pool itself is sensitive to gas absorption through 
shielding gas or flux use [54], [55]. These methods of introducing oxygen to the weld pool are 
process dependent. Oxygen content in studies ranges from 200 ppm to 900 ppm with 









Figure 1.20 At lower oxygen thresholds a comparison of metal cores (open symbols) to solid 
wire (solid shapes) is shown between oxygen content and hardenability [53]. The metal cored 
wire is relatively insensitive to the carbon equivalent while the solid wire demonstrates a marked 
decreasing trend. The increased acicular ferrite can be partially attributed to increased oxygen 










And as has been discussed previously, the nucleation behavior of acicular ferrite in low 
oxygen weld metals is strongly linked to the inclusion size and density. Titanium, aluminum, 
manganese, and silicon, are used which all have a strong affinity for oxygen. The potency for 
nucleation is dependent on binding with the oxygen so the higher the potential, the higher 
potential of it forming [56].  
 
Table 1.1 Oxidation Reactions and the Associated Free Energy of Formation, Calculated [38]. 
Oxidation Reaction Standard Free Energy (Cal/mol) 
Fe + O = FeO(l) -33200+13.52T 
2Al + 3O = Al2O3(s) -289060+93.52T 
Ti + O = TiO(s) -87560+29.14T 
Ti + 2O = TiO2(s) -161460+55.95T 
Si + 2O = SiO2(s) -140950+54.62T 
Mn + O = MnO(s) -68816+29.95T 
Zr + 2O = ZrO2(s) -196700+47.1T 
 
 
Aluminum has been noted as a consistent factor in controlling the acicular ferrite 
population, it is also a very strong oxidizer. The influence of aluminum can be monitored by 
considering the ratio of the aluminum content to the oxygen level (i.e. [AI/O]) as a deoxidation 
parameter. In the case of low oxygen weld metals, the effect of the [AI/O] ratio is critical since it 
is easy to obtain high ratios with very low levels of oxygen and such ratios are detrimental to 
weld metal microstructure. The domination of Al203 in inclusions has been claimed to inhibit 
ferrite nucleation, however in an appropriate ratio it has been found to increase acicular ferrite 
and also consistently appears in nucleating inclusions [43], [53]. Shown in Figure 1.21 is the 
ratio of aluminum to oxygen and the associated final microstructure. The poisoning effect is 




Figure 1.21 The final microstructural morphologies as a function of the aluminum to oxygen 
ratio [42]. Acicular ferrite demonstrates high sensitivity to small changes in the Al/O ratio and at 
4:1 the acicular ferrite has reached a minimum. 
 
Figure 1.22 The aluminum to oxygen ratio with the correlating acicular ferrite [53]. A maximum 
is shown at an Al/O ratio at unity. 
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Abson demonstrated a similar trend, shown in Figure 1.22 [53]. The metal cored wires, 
the open symbols, showed higher oxygen levels shifting the Al/O ratio below unity (one) with a 
demonstrable effect on acicular ferrite content. Higher oxygen welds, with corresponding higher 
inclusion content, tend to reduce the austenite grain size, as expected. Nucleation of acicular 
ferrite is aided by inclusions not associated with the prior austenite grain boundaries, with the 
critical diameters generally being larger than the pinning inclusion size. Grain boundary pinning 
is not the only effect in action and the inclusion types present in low aluminum welds are most 
effective in promoting ferrite nucleation at prior austenite grain boundaries [51]. These are 
shown second hand, through the effect of the lowered ratio of Al/O implying an excess of 
oxygen allowing for increased inclusion variation supporting the varied density required for 
elevated acicular ferrite. 
1.4 Zener Pinning and Inclusion Size 
Inhibiting grain growth by second phase particles is important for grain size control in materials 
and is shown schematically in Figure 1.23. The mechanism of grain growth second phase 
particles, known as Zener pinning, was proposed as a means to associate a prior austenite grain 
size to a specific inclusion diameter and spatial distribution [57], [58]. The original Zener 
derivation is based upon the following equations: � = � ��        (1.3) 
 �� = � �      (1.4) 





Where γ is the grain boundary energy, ρ is the radius of the grain boundary curvature, r is the 
particle radius NV is the number of particles per unit volume, NA is the number of particles per 
unit area of grain boundary, and f is the volume fraction of particles. In Equation (1.3), the left 
side represents the grain boundary driving pressure and the right side represents resisting 
pressure from the particles.  
 
Figure 1.23 Schematic diagram of the interaction of a spherical particle with a grain 
boundary [59]. The grain boundary energy and particle radius relationship is shown above. 
 
 
Combining these equations yields the Zener pinning criterion. =       (1.6) 
 
An assumption of random grain boundary-particle contact is implied in Equation (1.6). 
To relate this to the measured size distributions, the critical inclusion sizes are used to determine 
the fraction of inclusions associated with the grain boundaries. Knowing the pinning grain 
boundary inclusion diameter, inclusions larger than these should be intragranular and potential 
acicular ferrite nucleation sites [60], [61]. 
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1.5 Alloying Additions in the Weldment 
The effect of selected alloying additions is noted in this section. This is not an exhaustive 
list but is valuable when the topic of consumable development is undertaken further in the 
document. 
1.5.1 Titanium 
Titanium additions in the weldment have demonstrated an increase the proportion of 
acicular ferrite within specific ranges. The thinking is that titanium contributes to the formation 
of more potent ferrite nucleants and a combination of inclusions types are required to maximize 
the amount of acicular ferrite, most notably aluminum and oxygen ratios [62]. Titanium 
influences acicular ferrite nucleation by affecting changes in the character and the size 
distribution of inclusions. The optimum titanium content depends on the level of other elements, 
notably aluminum, oxygen, and molybdenum [63]. At high levels of titanium, the deleterious 
effect on toughness due to a rapid increase in hardness is the primary response and toughness 
decreases [64]. With increasing titanium, the primary inclusion compositions shift towards 
titanium oxide at the expense of silica, which is expected based upon the relative energies of 
formation for the oxides. This is experimentally validated and shown in Figure 1.24. 
Small amounts of titanium have been shown to induce a dramatic effect on the 
microstructure and properties of ferritic weldments. There are two ranges that have been 
associated with acicular ferrite maximums from approximately 30-60 ppm to a much broader 
peak between 450 and 600 ppm as demonstrated in Figure 24 [49], [64]. Abson proposed that 




Figure 1.24 Increasing the titanium in the weldment and an increasing amount of titanium oxide 





Figure 1.25 Weld microconstituents as a function of increasing titanium content [64]. The 







On applying this relationship to the present data, it is predicted that the critical titanium 
content is (400 + 50)/1 5, or alternatively 30 ppm [39]. This initial peak is also shown in Johnson 
and Evans work, shown in Figure 1.25. It does not, however explain the secondary acicular 
ferrite at elevated titanium levels. 
Figure 1.26 demonstrates how effective titanium can be at increasing total content of 
acicular ferrite and reinforces the secondary peak at 450 to 600 ppm. The attainment of a 
maximum followed by an increase of ferrite with aligned second phase suggests a loss of 
efficiency of the nucleants, but it is also some additional justification for the effect of 
hardenability on prior austenite grain size, and indirectly acicular ferrite vol. percent [66]. Figure 
1.27, as compared to Figure 1.26 shows the effect of heat input. A sensitivity is shown to both 
titanium content, and the molybdenum varied in these consumables. 
1.5.2 Molybdenum 
An increase in molybdenum suppresses grain boundary ferrite, as found by S.D. 
Bhole [67]. This study focused on changing molybdenum in a Ti-V-Nb pipeline steel utilizing 
SAW. Molybdenum showed marked increase in low temperature impact energy absorbed. The 
amount of molybdenum was approximately four times higher, in wt.% Mo, than the control 
group. The increasing molybdenum content promoted the volume of acicular ferrite, as well as 
granular bainite while simultaneously decreasing the amount of ferrite with secondary phase 
aligned. This resulted in much better impact and tensile yield strength shown in Figure 1.28. The 
elongation was affected, over the control group. Approximately 20% reduction in elongation 
occurred with the increased molybdenum addition. Molybdenum is a potent substitutional 




Figure 1.26 The total acicular ferrite for increasing titanium amounts with varying molybdenum 
wt. percent at a low heat input [70]. The acicular ferrite maximum is at the highest molybdenum 
content, and oxygen content above 400ppm, which is important to note. All the solid points are 
at an elevated oxygen content and have correspondingly higher acicular ferrite. 
 
Figure 1.27 The total acicular ferrite for increasing titanium amounts with varying molybdenum 
wt. percent at a high heat input [70]. As compared to the previous figure, the acicular ferrite is 
sensitive to heat input, with a marked decrease, however the 0.48 wt. pct. molybdenum 





Figure 1.28 The Charpy impact energy for three welding consumables varying the molybdenum 
with relation to the testing temperature, in Celsius [67]. SLW, LWMo1 and LWMo2; contain 




Figure 1.29 Charpy impact energy as a function of the molybdenum content, annotating the 
microstructure into three different regimes; mixed, fine ferrite, and lath like [39]. A marked 
decrease outside of the 0.25 to 0.45 wt. pct. molybdenum is noted. 
 
Figure 1.30 The volume percent of three different microstructural constituents as a function of 
increasing molybdenum content and both a high and low heat input weld pass [70]. The effect of 
molybdenum has a little impact on varying the heat input. 
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A maximum in grain refinement is also noted for varying molybdenum amounts. A very 
fine microstructure is noted between 0.2 and 0.5 wt. percent molybdenum, with significant drop 
off on either side of that range, shown in Figure 1.29. Molybdenum shows a relative insensitivity 
to heat input for acicular ferrite, in the ranges of optimal grain refinement noted previously.  
1.5.3 Zirconium 
Zirconium neighbor’s titanium on the periodic table, and like titanium is a strong nitride 
and oxide former, however there is significant disregistry between zirconium and ferrite, as 
compared to a lowered disregistry between titanium and ferrite. H.R. Wang focused on a 
stoichiometric relationship between zirconium and nitrogen, studying the effect on either side of 
the stoichiometric Zr/N = 6.51 ratio [71]. Decreasing the Zr/N ratio resulted in better low 
temperature impact transition temperature. The authors refer to the 27 joule impact testing 
temperature, with the lower Zr/N ratio at -78°C and increasing the ratio increases the transition 
temperature [72].  
 
Figure 1.31 Increasing weight percent of zirconium for a high and low heat input weld bead 
versus the acicular ferrite content [70]. At a fixed wt. pct. Molybdenum, increasing zirconium 
additions above 50 ppm become sensitive to increases in heat input. 
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Additions of zirconium were made in a series containing approximately 0.37 wt. % Mo, 
demonstrated in Figure 1.31. They initially increased the percentage of acicular ferrite, followed 
by a decrease. This explains the shift in minimum adsorbed impact energy as the testing 
temperature decreases for additions of zirconium above approximately 50 ppm. This maximum 
was due to small decreases in the percentages of proeutectoid ferrite and lath structures, with 
later increases in the lath structure fraction. As the transformation temperature is lowered by 
zirconium additions, the percentage of PF and Widmanstätten ferrite (i.e., lath structure) decrease 
[73]. The increase in lath structure with further increases in zirconium may be due to a decrease 
in the temperature at which acicular ferrite is nucleated, thus increasing the percentage of bainitic 
structure. The changes in microstructure can be explained by increased hardenability caused by 
zirconium.  
1.5.4 Manganese 
Manganese acts as a substitutional hardening agent and increases hardenability in 
amounts greater than .8 wt.% Mn. The effect of manganese was further studied by G.M. Evans in 
SMA welding of C-Mn steel with varying amounts ranging from .6 to 1.8 wt.% Mn [74]. 
Increasing amounts of manganese promoted formation of acicular ferrite as well as refining it, 
reducing grain size. The coarse grain HAZ and equiaxed fine grain zone were similarly affected. 
The microstructure changes directly benefited the yield, tensile and impact properties, however a 
decline was noticed above 1.5 wt.% Mn as shown below in Figure 1.33. The tradeoff in 
manganese is associated with the promotion of acicular ferrite against a higher yield strength. A 





Figure 1.32 Effect of Zirconium additions on the minimum energy adsorbed at a series of 
temperatures [70]. A large increase in the low temperature impact toughness up to approximately 
50 ppm zirconium is shown. 
 
Figure 1.33 The effect of manganese additions on the absorbed energy [74]. A maximum effect 




The size distribution of aluminum inclusions allows for grain boundary pinning and 
promotion of acicular ferrite formation. W. Wang cites a ratio of Al wt.%/ O wt.% between 0 
and 1.1 to be favorable for acicular ferrite formation [75]. Interaction of titanium and aluminum 
is not beneficial at that ratio, with the upper limit of .04 wt.% Al showing any benefit. Aluminum 
acts as an additional competitor to other oxidizers and nitride formers, decreasing the overall 
volume of acicular ferrite, and is not the most effective alloying addition for this application. 
G.M. Evans reported two peaks of acicular ferrite in a C-Mn weldment with aluminum alloying, 
at essentially zero aluminum and at 200 ppm Al [43].  
The increasing and decreasing aluminum came at the cost of ferrite with secondary 
aligned phase, as well as hardness increasing with increased aluminum content. The inclusion 
composition transitioned from primarily manganese to aluminum based oxides as aluminum was 
increased. As noted earlier aluminum is a strong oxidizer and increasing the aluminum content in 
welds increases the aluminum in the final oxide inclusion composition at the expense of other 
inclusions. Figure 1.34 shows that aluminum will take oxygen from everything, albeit at a 
different rate between the silica and manganese oxide. Some authors have reported two distinct 
peaks of aluminum on acicular ferrite content, with maximums at low amounts of aluminum (20 
ppm) and another at 200 ppm [43], [51]. Beyond the 200 ppm aluminum, an increase in the 
FS(A) can be attributed to other potent nucleants not having enough oxygen to form the oxide 
inclusions and the microstructural shift follows demonstrated in Figure 1.35.  
The average particle diameter has a strong relationship to aluminum content, with an 
increasing diameters up to 340 ppm and then a gradual decrease [49]. Over the range tested, 610 




Figure 1.34 Inclusion composition shift with aluminum additions [43]. Increasing the aluminum 





Figure 1.35 Effect of aluminum additions on the final microstructure [43]. Aluminum increases 
the total acicular ferrite content to a maximum at 220 ppm aluminum followed by a gradual 




Figure 1.36 The effect of aluminum content on the size distribution of measured inclusion 










Silicon directly affects niobium diffusivity, which influences the size of the niobium 
carbonitrides. There is also a synergistic effect with molybdenum. A similar effect was noted by 
H.S. Ubhi with regards to vanadium carbide [76]. The vanadium carbide precipitated out during 
aging four times quicker than without silicon additions. However, this effect is counter balanced 
by manganese, which also slows dissolution. The resultant is a net-zero effect with both 
additions present. Silicon also increases strength through substitution, as well as some promotion 
of acicular ferrite formation. However up to .5 wt.% Si should be balanced with manganese [76]. 
Above .5 wt.% Si preferentially forms of martensitic and austenitic are detrimental to the 
weldment. 
1.5.7 Nickel 
With increasing hardenability a subsequent decrease in elongation occurs, similar to 
Molybdenum. W. Wang note a similar effect with copper, reducing the nickel content and 
keeping copper consistent reduced the hardenability overall [75]. Reducing copper also 
encouraged growth of grain boundary ferrite, which had previously been suppressed at higher 
nickel contents. Impact toughness is increased, with respect to Mn with increased nickel up to 
2.25 wt.% Ni, as referenced by S.D. Bhole [67] in Figure 1.37. Higher nickel content was shown 
to completely suppress grain boundary ferrite formation, at a nickel content of 3.75 wt.% Ni, 
however this also showed a decrease in volume of acicular ferrite formed. The acicular ferrite is 
consumed by forming more ferrite with secondary phase aligned at the high nickel content which 




The effects of increasing chromium content in SAW weld metal was investigated by G. 
Shneider in a HSLA weldment [77]. Chromium suppressed proeutectoid ferrite and increased the 
amount of bainitic laths, however there was not an apparent change in total amount of acicular 
ferrite formation. Figure 1.38 shows that at large amounts of chromium, beyond .73 wt.% Cr, 
there is a significant decrease in absorbed impact energy. 
A synergistic effect with a small amount of titanium and boron (.02 wt.% and 40ppm 
respectively) had a marked effect on the absorbed impact energy, increasing by as much as 30% 
as shown by weldment K3 in the Figure 38. It is believed this is likely due to an increase in the 
total acicular ferrite percentage, and the change in size and distribution of inclusions.  
1.5.9 Boron 
Boron is noted to suppress grain boundary ferrite formation and therefore promotes 
formation of acicular ferrite. Low amounts of boron are utilized to significantly change 
microstructure, G.J. Sojka studied effects of .009 wt.% B on C-Mn steels with one steel 
containing copper and the other niobium [78]. Boron and copper synergized to lower the gamma 
to alpha transformation temperature encouraging a high dislocation density substructure under 
moderate cooling rates. Boron and niobium showed a marked increase in strength, as did the 
copper and boron group [72]. Most commonly used at quantities even less than the amount, 
ranging around .003 wt.% B however the low amounts of boron should be protected with other 
nitride and oxide formers, free boron segregates to the prior austenite grain boundaries and 






Figure 1.37 Acicular ferrite with the absorbed energy for varied nickel consumables [67]. Nickel 
variances (wt. pct.); SLW – 0.11, LWNi1 – 1.02, LWNi2 – 2.56, LWNi3 – 3.75, LWMo1 – 0.07, 
LWMo2 – 0.10, LWMoNi1 – 2.03, LWMoNi2 – 2.91. Significant changes in nickel content had 
a lowered effect on impact energy, some of which was mitigated by the molybdenum, as all the 
molybdenum consumables demonstrate an effective increase over the base composition. 
 
Figure 1.38 Chromium additions and the effect on absorbed impact energy [77]. The best 





High solubility of vanadium carbide, paired with a relatively lower vanadium nitride 
solubility allows for interphase precipitation, making an effective precipitation strengthener. 
Vanadium nitride would require slightly increased nitrogen to make it effective. Additionally, 
vanadium carbonitrides are in solution in austenite at normalizing temperatures and form fine 
precipitates on cooling. An increase in elongation is noted with increasing vanadium, with the 
largest increase occurring at 0.15 wt.% V added with no heat treatment. However, this is a 
relative value and could be attributed to there being no titanium in the improved elongation 
sample. The effect of vanadium is very pronounced with a high cooling rate, and the vanadium 
effect operates even at low oxygen levels [37], [79]. 
Small additions of Vanadium have marked effects on acicular ferrite nucleation, up to a 
maximum, with additions above 0.25 wt. pct. having a less pronounced effect on microstructure. 
Figure 1.39 demonstrates this, the microstructural shift of increased acicular ferrite is primarily 
at the expense of bainite, as reported by He and Edmonds [80]. 
1.5.11 Niobium 
A synergistic effect of niobium and copper is characterized by W. Wang, demonstrating a 
significant increase in acicular ferrite formation with an addition of niobium and an increase in 
titanium [75]. He also noted that niobium reduced hardness variation across the multi pass 
weldment. Niobium restricts the formation of grain boundary ferrite formation however at higher 
amounts, the formation of niobium carbides is detrimental will deteriorate the toughness through 









Figure 1.40 Copper additions reducing the overall impact toughness with increasing copper 




Copper acts as a solid solution strengthener, W. Wang references the strengthening effect 
beginning at 0.19 wt.% Cu, with the effect becoming more pronounced as copper is increased 
[75]. To that end, W. Wang et al. developed a range of SMAW electrodes with varying copper 
content (.7 – 2.7 wt.% Cu) and focused on multi pass weldments. The resultant benefits of 
copper content were found to be much lower, at approximately .8 wt.% Cu for the electrode 
composition.  
A different study involving varying copper content in weld metal was carried out by 
M.H. Avazkonandeh-Gharavo shows similar trends in strength of the weld metal with increasing 
copper. Figure 1.40 shows a reduction in toughness as the strength from copper solid solution 








The present investigation was designed to study the effect of hot-wire GTAW process 
parameters, and wire composition on the microstructure in oxygen-limited high strength low 
alloy steel weldments. The process parameters of the TipTig hot-wire system were varied with 
respect to; hot-wire amperage, wire oscillation, wire feed speed and electrode amperage. These 
parameters were evaluated against the E80C-Ni2 wire chosen as the control filler metal and 
evaluated for oxygen content and acicular ferrite content. Following the initial characterization 
six new filler compositions were created modifying the E80C-Ni2 wire composition to maximize 
potential acicular ferrite nucleating inclusions, specifically targeting titanium and zirconium 
additions. These wires were subjected to oxygen, nitrogen, and chemical composition analysis. 
Lastly, the acicular ferrite and inclusion characteristics were evaluated, as well as hardness 
testing of the experimental wire compositions.  
2.1 Material and Weld Preparation 
The base metal selected was an A514 HSLA steel and each bead-on-plate welding 
coupon was nominally 2.00 x 8.00 inches and ground to remove scale, then immediately 
degreased in ethyl alcohol prior to welding. Six custom tailored metal cored welding wires were 
designed and evaluated, the compositions of which will be discussed in Chapter 3.  
2.2 Welding Procedure 
Direct current, electrode negative GTA welds were made on all coupons. The welding 
head was mounted on a semi-automated jig as shown in in Figure  and Figure 2.2. This allowed 
the torch head to be regulated in travel speed and working distance. The frame is an aluminum 
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stock frame, bolted together with three positioned stepper motors. The stepper motors allow for 
travel in the X, Y, and Z directions, by maneuvering the torch head in Z and X and the stage in 
the Y direction. The stage itself is insulated from the entire frame, with a ceramic plate in 
between the stage and the copper plate used as the welding contact. The ground is connected to 
the copper plate, and the copper plate is secured to the aluminum stage with a series of 
nonconductive restraints.  
The essential welding parameters are shown in Table 2 for the parameter study, which 
consisted of 60 welds. The welding was controlled via an external control system and software, 
specifically capable of controlling the stepper motors. A TinyG programmable system in 
conjunction with CoolTerm G-coded commands executed the fine welding controls. A set of 
optimized welding parameters that were in line with a general expectation of manual welding, 
were established. These optimized welding parameters were then utilized with the E80C-Ni2 and 
six modified wire compositions varying the heat input, travel speed, and wire oscillation for a 
total of 42 welds.  
The TipTig system consists of a modified gas tungsten arc torch, utilizing a Miller 350 
Dynasty power supply and liquid cooling system, and a hot-wire system. The hot-wire system 
consists of a wire feeder with an attached oscillation mechanism shown in Figure 2.3. It bears 
emphasis that this percussive oscillation system does not directly push or pull the wire, but the 
hammer impacts the percussive plate and that force is transferred to the wire in the form of an 
oscillation to the wire entering the weld pool. The hot-wire extension also contains the heating 
element control for the hot-wire current, that will resistively heat the wire as it enters the weld 




Figure 2.1 TipTig experimental setup (top), dimensions in inches. The torch head was bolted into 
place to minimize movement and increase repeatability. 
 




Figure 2.3 TipTig wire feed assembly, the platen on the bottom of the wire feed system 
introduces the oscillation by impacting a plate connected to it, translating the oscillation to the 
wire. 
 
Figure 2.4 TipTig torch head, demonstrating the attachment of the wire feed guide relationship to 
the electrode. The distance of the wire to the electrode is important, as that correlates to where 
the wire enters the weld pool. 
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2.3 Light Optical Metallography 
Welds were then sectioned transverse to the welding direction and prepared for 
metallography and interstitial element analysis. The metallographic samples were ground to an 
800-grit finish and successively polished with 6, 3, and then 1-micron colloidal diamond 
solutions prior to etching in a 2.0 vol. pct. Nital solution to reveal the weld metal microstructure 
for all light optical metallography. Microstructural constituents were evaluated per IIW Doc. No. 
IX-1533-88, IXJ-123-87 Rev. 2. The acicular ferrite volume percent was determined from a 
minimum of 1000-point counts at a magnification of 200X. Dilution and wetting angle were 
measured in micrographs of the weldments, taken at lower magnifications. Prior austenite grain 
size was measured with the concentric circle method outlined in ASTM E-112. 
2.4 Hardness Testing 
Vickers microhardness was carried out utilizing a LECO AMH55 automatic hardness 
indenter, to indirectly estimate the weld metal strength. Samples were prepared by wet grinding 
to an 800-grit finish and polished successively to 1-micron. The samples were unetched prior to 
hardness testing. Hardness testing was done with a 500gf load and a 10 second dwell time. The 
indents were measured automatically by the hardness tester, and the indent spacing was more 
than ASTM E384 guidelines. 
2.5 Chemical Analysis  
Chemical analyses of the weldments, welding wires and base plates were performed 
using an optical emission spectrometer. The weldments were ground from the top of the 
reinforcement down to create a flat surface of weld metal, and the ground surface cleaned in 
ethanol and was then analyzed by spark-OES (optical emission spectrometer), performed on an 
ARL-3460. The all-weld-metal oxygen and nitrogen samples were sectioned transverse to the 
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weld direction. All faces were ground with 240 grit sand paper and washed in ethanol prior to 
measurement with a LECO TC436 analyzer. Nominal one-gram samples were extracted and 
used for the interstitial element analysis. 
2.6 Inclusion Characterization Methodology 
Samples prepared for the FESEM (Field Emission Scanning Electron Microscopy) were 
prepared by grinding to 800 grit, then polishing to one micron with colloidal diamond. The 
samples were then put on a Vibromet polisher, with 0.02-micron colloidal silica solution and 
polished further at 40% intensity for 2.5 hours. The samples were cleaned with an organic soap 
by hand, followed by ultrasonic cleaning prior to imaging unetched; in the JEOL-7000 FESEM. 
 The unetched samples demonstrated inclusion location and morphology, without any 
damage from etching. Twenty images were taken at 3000X magnification, resulting in each 
image being a 40 µm x 32 µm area of the weldment spaced to establish a trend for the bulk weld 
metal. The images were then processed using ImageJ software to analyze the inclusions, which 
were measured in a range of 0.05 to 0.75 micron, demonstrated in Figure 2.6. With each image 
captured the threshold was modified to define the inclusions, with the inclusion defined the 
software captured particle diameters and geometry relationships. Inclusion mapping and 
composition analysis was done, also utilizing the JEOL-7000 FESEM, with samples prepared in 
a similar fashion to that mentioned above. Utilizing EDAX-Genesis software, areas with multiple 
inclusions were examined to determine multiple inclusion compositions. 
2.7  Multipass Weldment Study 
To expand the effective composition range provided by the six experimental wires, a 
multipass weld dilution study was carried out. Noted below in Figure 2.5, the number of passes 
started with the single bead-on-plate and was expanded up to 5 passes as illustrated. The multiple 
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passes were evaluated with two wires only, due to the compositional similarities of the 
experimental wires. The interpass temperature for the multipass welds was 100°F max. 
2.8 A-TIG (Adaptive GTAW) 
Adaptive GTAW welds were carried out with varying paste compositions of silica and 
rutile with the flux coating application shown schematically in Figure 2.7. The introduction of 
silica and rutile was evaluated to introduce oxygen, and the associated size distributions are 
shown in Figure 2.8. The rutile is significantly larger than the silica. The elements were mixed 
together in methanol to achieve a paint like consistency and applied to the plate. The paste was 
applied evenly with a paint brush and allowed to dry. The adhesion of the paste to the plate 
decreased with increasing amounts of rutile. The flux density was determined by weight of the 
plate prior to flux application and after application, then the area of applied flux was measured 




Figure 2.5 Illustration of multiple weld passes from a single bead-on-plate, to a two-pass plate, to 





Figure 2.6 A) The SEM images are set to similar grayscale vales then the threshold is set (B) to 
find the inclusions which are denoted in red. C) Lastly each inclusion is analyzed, for location, 





Figure 2.7 (A) An illustrated schematic of the sectioning scheme for the single pass, (B) and A-
TIG coupons, the flux applied was as shown, with unreacted flux on either side of the weldment. 
The OES square as shown, is representative of the reinforcement or ‘crown’ of the weld being 




Figure 2.8 Particle size distribution for the two powders utilized with the adaptive GTAW pastes. 
A) is the distribution for the silica with a mean particle diameter of 2.258 microns. B) The rutile 








RESULTS AND DISCUSSION 
 
 
A three-step approach was undertaken to maximize the acicular ferrite in a high strength 
low alloy weldment with the TipTig (a hot-wire gas tungsten arc) welding process. The TipTig 
process was chosen for several reasons, discussed in section 3.1.2.  
The first step was to elucidate the effect of the process parameters, and will be addressed 
in Section, 3.1. The second step was to maximize the amount of acicular ferrite in the weldments 
and to examine the relationship with available oxygen content through compositional variations 
of the welding consumable. These results are presented in Section 3.2. Lastly, introducing 
oxygen to the system through consumable modifications and an applied flux to the weld prior to 
welding. Their effects are shown in Section 3.3. 
3.1 Heat Input Calculation for Hot-wire Gas Tungsten Arc Welding 
Heat input for arc welding processes are classically calculated as a function of the 
current (I), voltage (V) and travel speed (� , and then a process specific efficiency factor (η) 
which accounts for the different heat loss terms including that by radiation. This equation, 
Equation 3.1, is shown below; �� � = �∗ ∗�     (3.1) 
Heat input, shown as ‘Arc(Ts)’ above can be given in a number of units, including kJ per 
inch, kJ per centimeter, and kJ per millimeter. The function Arc(Ts) indicates the heat input as a 
function of the travel speed. Note that there will be several modified heat input equations 
presented later in the document according to hot-wire amperage.  
Generally, the value utilized for the arc efficiency factor varies between 0.21 and 0.85 for 
GTAW. Since heat loss due to melting of the filler wire was not considered in this equation, a 
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modified total heat input equation was developed to account for the energy introduced into the 
weld pool with the hot-wire.  ����� � = ∗ � ∗�� ∗ ∗ ∗ �   (3.2) 
In Equation 3.2, Filler(Ts) is given in units of kJ per inch. Conceptually the resistively 
heated filler metal is added to the weld pool and is assumed to be at melting temperature 
independent of the hot-wire amperage. The density and heat capacity, shown above as () and 
(Cp) respectively, will indicate the amount of energy required to melt the filler metal. The 
amount of wire to be melted is given by a volume, utilizing the wire diameter (Wd) and wire feed 
rate (WF).  Lastly, as all heat input functions discussed here are a function of travel speed, the 
travel speed (Ts) term is incorporated to ensure the energy value is shown as heat input per given 
distance, kJ per inch or kJ per mm.  � � = �� � + ����� �     (3.3) 
Therefore, the total heat input added to the plate is the energy of the arc and the energy added by 
the melted filler metal as described by Equation 3.3. 
As shown in Figure 3., the first iteration of the modified heat input equation with the 
inclusion of the sensible heat of the filler metal demonstrates only a minor effect on overall heat 
input. The hot wire amperage accounts for less than 10% of the overall heat input. The energy 
required to heat up and melt the filler metal is not accounted for in this simplified equation as the 
wire is assumed to already be at its melting temperature when it enters the weld pool. Thus, this 






Figure 3.1 The heat input, (kJ/in) as a function of travel speed assuming complete melting of the 
wire. 
 
The next iteration of the equation, as reported by McCraken et al., accounts for varied hot 
wire amperage by assuming the heat input for the hot wire is equivalent to the current and 
voltage with respect to the travel speed for the hot wire alone [82]. Equation 3.4 shows the input 
term Qarc, which is the energy input from the arc alone, calculated as the classic method 
mentioned previously. Qhw simplifies the energy input from the hot-wire, accounting only for the 
current and voltage running through the hot-wire. �� represents the radiant heat loss coefficient 
of the process. As was mentioned above, Equation 3.5 is only accounting for the current running 
through the hot-wire itself. To expand on this, a term was introduced to account for the energy 
required to melt the filler metal, Qfm. 
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� � = ��∗�∗       (3.4) 
ℎ� � = �ℎ� ℎ�      (3.5) 
Equation 3.6 utilizes the wire feed speed (WFS), area of wire entering the weld pool 
(Awire) and the travel speed to account for the total volume of metal entering the weld pool. As an 
intermediate step, the amount of energy for the melting the filler metal, i.e. latent heat of the 
filler metal, Efm , is first added to the amount of energy required to raise the temperature of the 
filler metal to the melting temperature expressed in the form of the product C ∗ ρ ∗ ∆� . 
This sum is the  term in Equation 3.7 for which represents the amount of heat per volume that 
the added filler metal requires to melt and is dependent on material properties alone. This energy 
input is then set as to the new Qhw.   
A second relationship for  is needed to account for variations in the hot wire amperage 
when the filler metal is below its melting temperature, which was conceptually determined in 
Equation 3.7. Equation 3.8 was developed by McCracken et. al, through their study and 
incorporated an additional factor, they defined as the melting efficiency,  μ . Equation 3.8 
represents the total energy input from the arc and hotwire per unit volume of melting filler metal. = �∗ � ∗ ���       (3.6) 
 
� = + ( ∗ ∗ �� )    (3.7) 
 




Equating the two tau terms from Equations 3.7 and 3.8, an overall net heat input equation 
is developed as Equation 3.9, as the total energy in the system. Then utilizing the defined terms 
used previously, it can be expanded to Equation 3.10, based upon the energy introduced to the 
substrate as Qin and the energy lost, or required to melt the filler metal in Qout. In this equation, 
the sum all energy required to melt the filler metal is subtracted.  
 � = � −      (3.9) 
 � = ��∗�∗ +�ℎ�∗ ℎ�−�∗ �∗���    (3.10) 
 
Figure 3.2 shows the total heat input as a function of travel speed, with fixed electrode and hot-
wire amperages. There are significant differences shown between the arc energy and the final net 
heat input, due to the energy required to melt the filler metal, supplemented partly by the hot-
wire amperage. The difference shows that that the classic heat input calculations over estimate 
the amount of heat input introduced to the work piece. 
Finally, as can be seen in Figure 3.3 the differences between Htot (in blue) and Qnet (in 
green) are approximately 15-20% for this calculation using the assumed set of welding 
parameters. It is also noticeable that the heat input contributed from the hot wire has a larger 
effect in the latter iteration (Qnet), as illustrated in Figure 3.3 and described by Equation 3.10. 
Heat input is a critical variable for any welding processes. It also has a significant effect 
on acicular ferrite. Therefore, it is important to be able to accurately account for the effects of 





Figure 3.2 Heat input is shown as a function of the travel speed for the modified hot-wire GTA 








 3.2 Process Parameter Study 
As previously outlined, a hot-wire GTAW system consists of the GTA power supply with 
a heated wire feeding system added in line. With the shielding gas composition and the electrode 
amperage already part of GTAW, the hot-wire system adds another layer of complexity onto 
GTAW by introducing additional control parameters to affect the weldment. These parameters 
are wire feed rate, hot-wire amperage, wire oscillation, and the angle of wire impingement on the 
weld pool. Each of these parameters directly or indirectly affect each another. The ranges of each 
are detailed in Table 2. 
The several reasons why the TipTig process was selected for this study are discussed 
here. It is accepted that GTA welds are of a high quality, attributed to the high skill requirements 
of the welder and the inherent control provided by the atmosphere and the non-consumable 
electrode. To that effect, the design and functionality of the TipTig torch head is similar to that 
used in a standard manual process i.e. GMAW. The wire feed and fixed electrode amperage 
during welding reduce the operations the welder must control during welding, eliminates the 
need of the foot pedal and manual consumable addition, thus reducing the amount of welding 
experience expected from a standard GTA welder. The standard GTA welding process is 
mitigated by resistively heating the filler metal prior to it entering the weld pool significantly 
increasing the welding speed. Lastly, the TipTig process is unique because of the vibratory wire 
oscillation mechanism.  A percussive hammer action impacts a plate at the noted frequency 
inducing a vibration that travels through the wire to the wire guide and the weld pool. This 
oscillation, in conjunction with the vibratory motion, has a markedly positive effect on the 




Table 3.1 Welding Parameters and Ranges 
Wire Feed Rate 5 IPM – 270 IPM 
Hot-wire Amperage 60 A – 100 A 
Wire Oscillation 0 Hz, 16 Hz – 19 Hz 
Electrode Amperage 200 A – 350 A 
Wire Feed Angle to Tungsten Electrode 39° and 42° 
1/8” dia. 2% Lanthanated Tungsten Electrode 25° Electrode Included Angle 
Shielding Gas 100% Argon 
Shielding Cup Size w/Diffuser 8L 
Arc Gap 0.188 in +/-0.1 (4.5mm +/-1.5) 
 
The first unique variable, wire feed rate, controls the volume of weld metal being pushed 
into the weld pool, which in turn will relate to cooling rate, dilution and weld bead morphology. 
The hot-wire amperage will affect wetting of the molten wire and bead morphology as well.  The 
ranges in Table 2 are wide and to establish a trend to narrow them, one guiding factor was 
followed:  that this is a manual process which would preclude some of the combinations of the 
extremes of these settings. For example; a maximum electrode amperage and hot-wire amperage, 
in conjunction with a minimum wire feed rate would not be tested since the combination would 
not result in a sound weld. Thus, the full parameters range allowed by the equipment is 
inherently limited, case in point, the oscillation range is only 16Hz to 19Hz, the control board 
needed to be directly accessed and bypassed to achieve the 0Hz oscillation parameter.  
3.3 Welding Parameters Study 
The first study involved evaluating the microstructure of various welding parameters 
available to the TipTig, primarily heat input and oscillation. There are three available 
oscillations, at 0, 16 and 19Hz introduced to the wire. Evaluating the acicular ferrite content as a 
function of the heat input, oscillation and hot-wire amperage demonstrates a sensitivity of 
microstructure to cooling rate in all instances. Figure 3.4 shows the effect of varied heat input, 
hot wire amperage with no oscillation introduced. the amount of acicular ferrite decreased with 
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increasing heat input. Lower hot-wire amperage demonstrates a tendency to increase acicular 
ferrite, with 0 and 60 A outperforming the 100 A hot-wire current. Introducing 19Hz of 
oscillation to the wire exposed the process sensitivity to heat input, with acicular ferrite 
decreasing from 58% at the lowest heat input, to 34% at the higher heat input level as seen in 
Figure 3.5.  
At the final oscillation tested, the 16Hz oscillation showed sensitivity to the heat input as 
demonstrated in Figure 3.6. The decrease in acicular ferrite with hot-wire amperage was similar 
to that observed from the previously tested oscillations. The observation of microstructural 
changes due to heat input indicate that the E80C-Ni2 welding consumable was not robust, in that 
stricter process tolerances must be imposed to achieve a targeted microstructure.  
The effect of oscillation on microstructure is demonstrated in Figure 3.7.The median 
oscillation of 16Hz resulted in the lowest amount of total acicular ferrite, even though the 
decrease must be considered minor, when compared to the effects of heat input.  The effect of 
the oscillation is also reflected in weld bead morphology; Wetting improved with increasing 
oscillation. Contact angle as a function of heat input and oscillation is shown in Figure 3.8. As 
stated earlier, the wetting angle of the weldments is directly affected by the oscillation rate of the 
wire; increasing oscillation improved the wetting angle of the bead-on-plate weld, with 19Hz 
produced the smallest wetting angles for the entire heat input range.    
Welding parameters are shown in Table 3. The significant microstructural variation 
shown in Figure 3.9 demonstrates the effect of het input on acicular ferrite. Micrographs in 













Table 3.2 Welding Parameters Study – Varying oscillation, heat input and hot-wire amperage.  
 
   Hot-Wire 
Amperage (A) 









A B C 
200 16 10.5 0 60 100 150 0   
200 16 9.5 0 60 100 156 0 16 19 
225 16 10 0 60 100 162 0   
225 16 9.25 0 60 100 168 0 16 19 
250 16.4 9 0 60 100 174 0   
250 16.4 8.5 0 60 100 180 0 16 19 
275 16.6 8.25 0 60 100 186 0   
275 16.6 7 0 60 100 192 0 16 19 
300 17 7.5 0 60 100 198 0   
300 17 7 0 60 100 204 0 16 19 






Figure 3.4 The acicular ferrite as a function of the heat input with a wire oscillation of 0Hz. A 
linear trend downwards of acicular ferrite with increasing heat input is demonstrated. As the heat 






Figure 3.5 The acicular ferrite as a function of the heat input with a wire oscillation of 19Hz. A 
sharper downward trend at the maximum hot-wire amperage, at the maximum wire oscillation, 





Figure 3.6 The acicular ferrite as a function of the heat input with a wire oscillation of 16Hz. The 






Figure 3.7 Volume percent of acicular ferrite for varied hot-wire amperages with relation to the 
wire oscillation frequencies of 0Hz, 16Hz and 19Hz. A decrease in acicular ferrite at the 16Hz is 











Figure 3.9 Representative micrographs of varied heat input and oscillation. Micrographs A 
through F demonstrate increasing heat input at a fixed oscillation, with the E80C-Ni2 base 
consumable. A) 12kJ/in heat input; B) 14kJ/in heat input; C) 18kJ/in heat input; D) 22kJ/in heat 




Figure 3.10 Representative micrographs of varied oscillation, between rows and heat input 
between columns. A) 0Hz wire oscillation at 18kJ/in; B) 0Hz wire oscillation at 26kJ/in; C) 
16Hz wire oscillation at 18kJ/in; D) 16Hz wire oscillation at 26kJ/in; E) 19Hz wire oscillation at 











As can be seen in the figures presented in this section, the welding parameters were tested 
over a range initially established based upon several manual welds. These welds were made to 
determine the approximate range within which TipTig welding would operate comfortably.  The 
parameters were then expanded on both side of the median heat input of 18kJ/in. Optimization of 
both the hot-wire amperage and wire oscillation were then carried into later testing, taking into 
consideration their effects on acicular ferrite and weld bead morphology. An oscillation at 19Hz 
and a median hot-wire amperage of 80A over a range of heat input was reached as the strongest 
set of process parameters to affect final weld microstructure.  
3.4 Shielding Gas Effect on the Welding Process 
 
As alluded to before, GTA welding is an inherently low oxygen process. High strength 
steel welds produced using GTA welding typically contains low oxygen content. If high amounts 
of acicular ferrite are desired, alloying elements and oxygen content must be balanced to produce 
optimal chemical composition and inclusion type and size population. Thus, modifying the 
shielding gas appears to be a first and essential approach.   
However, with tungsten as the welding electrode, the shielding gas additions cannot be 
oxygen or carbon dioxide. Tungsten oxidizes quite readily degrading the electrode. A brief look 
at the effect of 5% Oxygen in Argon after welding with TipTig for varied times is shown in 
Figure 3.11 and Figure 3.12. The degradation of the tungsten electrode starts very quickly at the 
medium amperage of 250A. Significant deterioration of the tungsten tip by oxidation and 
spalling took place, extending further up along the electrode with 25° included angle. These are 
clear evidence that shielding gas replacement would not be a likely option to follow.  
The amount of tungsten degradation increased with the total arc-on time in Figure 3.12, 
and the amount of tungsten loss may be an indication that some of the tungsten was entrapped in 
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the weld pool, referred to as tungsten inclusions. Five percent oxygen in argon is significant for 
GTAW; Reducing below 5% slowed the amount of oxidation of the electrode but could not 
eliminate the reaction.  For this investigation, a conclusion was reached that the risk of electrode 
degradation outweigh the benefit of potentially controlling oxygen in the weld pool. Shielding 
gas modification was eliminated from the overall program.  
A similar welding process that uses a tungsten-based electrode is plasma arc welding. 
The process utilizes a dual shielding method, 1) an inert gas flows over the electrode, and 2) an 
active gas flowing outside of the inert gas to improve depth of penetration. The dual shielding 
gas nozzle configuration in Figure 61 may potentially allow for the adaptation of the TipTig 
process to different shielding gases to control weld metal oxygen content and inclusion 
population. As reported in the literature, Lu et al. utilized a dual shielding gas lens of similar 
nature to improve weld penetration, with argon flowing internally over the electrode and pure 
carbon dioxide flowing outside [83]. The increase in weld metal penetration was attributed to the 
absorption of a significant amount of oxygen in the molten weld pool. The concept design of a 
dual shielded GTA torch head can be considered for future work. 
To clarify the influence of weld metal oxygen on microstructural control in welds 
produced in the TipTig process, a three-step approach was initially undertaken to maximize the 
acicular ferrite within the parameters boundaries. The first investigation examined process 
parameters which revealed microstructural sensitivity to heat input. Maximizing the wire 
oscillation to 19Hz and a median hot-wire amperage of 80 A improved base metal wetting 
significantly. These parameters were identified as the optimized set of welding parameters 
followed in the remainder of the research. The next step targeted higher oxygen potential 






Figure 3.11 Tungsten electrodes welded with oxygen additions in the shielding gas for varied times. [Amperage 250 A]; A) Not 




Figure 3.12 Measured volume of tungsten loss as a function of arc time. The tungsten 
degradation continues to increase as the welding arc time also increases. 
 
Figure 3.13 Schematic of dual shielded GTA torch head. An inert inner gas flow, at a positive 
pressure with an active gas flowing through the outer section. The molten weld pool can absorb 
oxygen from the active gas, depending on the oxygen equivalency in that shielding gas. 
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3.5 Designed Consumable, Modified E80C-Ni2 
The second approach involved creating a custom metal cored filler metal composition to 
promote acicular ferrite formation. Oxides would be added directly into the core of the wire to 
introduce oxygen directly to the system. The reasoning for both the consumable modification and 
the enrichment of potential in the wire is discussed below. Following that will be the results of 
the welds created with the modified consumables. 
3.6 Composition 
The E80C-Ni2 welding wire, specified as a high nickel, elevated manganese and silicon 
consumable, was initially chosen because of its potential in passing some of the required 
mechanical testing for the application.  It acted as a baseline for chemical composition 
modification for promoting acicular ferrite nucleation.  Titanium was one of the first elements 
selected to be introduced as it has been shown to increase acicular ferrite [21], [38], [39], [62], 
[64], [84]. Titanium is also a strong oxidizer and nitride former. Of the two distinct titanium 
peaks that optimized acicular ferrite content, the lower maximum of 40 ppm of titanium was 
chosen as it has previously demonstrated by Johnson and Evans as being more effective when 
compared to the broader peak between 450 and 600 ppm. Zirconium was also chosen, for similar 
reasons to titanium. Zirconium is not usually recognized as a critical inclusion former for 
acicular ferrite, even though there is some evidence reported [23], [70], [72]. The required 
amount of alloying and the related microstructural optimization were not as clearly defined. As 
such, the additions of zirconium were at similar levels to that of titanium.  
Wires 1-3 and 6 in Table 4 had the titanium additions and then Wires 2-5 had zirconium 
added in amounts varying from 20 ppm to 50 ppm both with and without titanium. Carbon, 
silicon, manganese and molybdenum were also modified for Wires 1-6. The silicon was reduced 
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by 150 ppm to minimize its interaction with molybdenum. The nickel was set at 2.5 wt. pct. for 
Wires 1-5 and reduced further to 1.6 in Wire 6 with the consideration of impact toughness. The 
manganese in Wires 1-5 was reduced, due to a decrease in impact toughness near 1.5 wt. pct. 
This effect was discussed earlier in Chapter 1 [74]. Lastly, molybdenum was increased to 0.25 
wt. pct. for grain refinement and a reported effect of increased acicular ferrite [18], [68]. The 
proposed modifications are compared with the original wire composition as shown in Table 3.3. 
In further consultation with the wire manufacturer, the methods of introducing oxides 
into the experimental consumable were discussed, either directly into the core of the tubular 
electrode or other possible methods of delivery. The discussion led to different additions of 
titanium and iron oxide, with the iron oxide having a negligible impact on the final total weld 
oxygen content. Titanium was added as ferro-titanium, which contained trace amounts of 
oxygen. Weld metal oxygen only began to pick up after titanium additions were elevated above 
700 ppm. 
Table 3.4 and Table 3.5 detail the wire composition received after manufacturing. Note 
the similarities of the wires! The titanium and zirconium additions are not as diverse as the 
targeted compositions above. Consequently, the originally intended microstructural changes 
would not be easy to observe. Additionally, it should be noted that minor alloying adjustments as 
those proposed poses great challenges to the consumable manufacturer in making the 
experimental electrodes. A significant consequence of this limitation would be that weld metal 
oxygen concentrations would remain within a very narrow band to cause noticeable 





Table 3.3 Targeted Wire Compositions – All in wt. pct. 
Wire Wire 0 Wire 1 Wire 2 Wire 3 Wire 4 Wire 5 Wire 6 
Carbon 0.08 0.05 0.05 0.05 0.05 0.05 0.05 
Sulfur 0.03 0.01 0.01 0.01 0.01 0.01 0.01 
Phosphorous 0.025 0.01 0.01 0.01 0.01 0.01 0.01 
Silicon 0.5 0.35 0.35 0.35 0.35 0.35 0.35 
Chromium 0.01 0.03 0.03 0.03 0.03 0.03 0.03 
Nickel 1.75-2.75 2.5 2.5 2.5 2.5 2.5 1.6 
Manganese 1.5 1.25 1.25 1.25 1.25 1.25 1.5 
Copper 0.35 0.03 0.03 0.03 0.03 0.03 0.03 
Molybdenum 0.01 0.25 0.25 0.25 0.25 0.25 0.25 
(Nb)Columbium 0.001 <0.01 <0.01 <0.01 <0.01 <0.01 <.01 
Titanium 0.001 0.004 0.004 0.004 0 0 0.004 
Aluminum 0.001 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Vanadium 0.001 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Cobalt 0.001 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Tungsten 0.001 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Tin 0.001 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Zirconium 0.001 0 0.002 0.005 0.002 0.005 0 
 
Table 3.4 Wire Composition – All in wt. pct. Measured by Spark OES and interstitial analysis. 
 
Wire Wire 0 Wire 1 Wire 2 Wire 3 Wire 4 Wire 5 Wire 6 
Carbon 0.08 0.059 0.057 0.056 0.054 0.056 0.052 
Sulfur 0.03 0.01 0.01 0.01 0.009 0.009 0.009 
Phosphorous 0.025 0.006 0.007 0.006 0.006 0.006 0.007 
Silicon 0.5 0.49 0.32 0.29 0.28 0.32 0.27 
Chromium 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
Nickel 2.5 2.68 2.6 2.59 2.52 2.73 1.63 
Manganese 1.5 1.21 1.19. 1.2 1.19 1.22 1.39 
Copper 0.35 0.02 0.03 0.02 0.02 0.02 0.02 
Molybdenum 0.01 0.22 0.22 0.24 0.23 0.23 0.23 
(Nb)Columbium 0.001 0.003 0.003 0.003 0.003 0.003 0.003 
Titanium 0.001 0.005 0.004 0.004 0.001 0.001 0.003 
Aluminum 0.001 0.013 0.011 0.01 0.009 0.011 0.008 
Vanadium 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
Cobalt 0.001 0.004 0.004 0.004 0.004 0.004 0.003 
Tungsten 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
Tin 0.001 0.004 0.004 0.003 0.003 0.003 0.003 
Zirconium 0.001 0.003 0.003 0.004 0.004 0.005 0.002 
Oxygen 0.0102 0.0126 0.0119 0.0122 0.0141 0.0110 0.0116 
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Table 3.5 Wire Composition - All in wt. pct. Measured by Spark OES on button melted wire 
samples and base plate. 
 
Wire 
Wire 0 Wire 1 Wire 2 Wire 3 Wire 4 Wire 5 
Base 
Plate 
Carbon 0.058 0.052 0.061 0.057 0.057 0.049 0.109 
Sulfur 0.007 0.007 0.007 0.007 0.007 0.008 0.000 
Phosphorous 0.007 0.007 0.007 0.007 0.007 0.007 0.007 
Silicon 0.329 0.339 0.326 0.324 0.326 0.328 0.386 
Chromium 0.149 0.146 0.148 0.141 0.152 0.144 0.582 
Nickel 2.149 2.068 2.109 2.076 2.109 1.535 0.053 
Manganese 1.292 1.292 1.280 1.214 1.209 1.515 0.907 
Copper 0.040 0.039 0.039 0.039 0.040 0.040 0.009 
Molybdenum 0.258 0.261 0.249 0.245 0.249 0.260 0.174 
(Nb)Columbium 0.002 0.002 0.002 0.002 0.002 0.002 0.002 
Titanium 0.003 0.004 0.005 0.002 0.002 0.004 0.040 
Aluminum 0.012 0.012 0.012 0.011 0.011 0.011 0.030 
Vanadium 0.009 0.009 0.008 0.008 0.009 0.008 0.033 
Cobalt 0.006 0.006 0.006 0.006 0.006 0.005 0.034 
Tungsten 0.006 0.006 0.006 0.006 0.006 0.004 0.000 
Zirconium 0.001 0.001 0.002 0.003 0.003 0.002 0.000 
 





11 7 7 7 5 3.5
240 240 240 240 240 240
17 17 17 17 17 17
80 80 80 80 80 80
19 0 16 19 19 19
13 18 18 18 26 38
Hot-Wire Angle 0°
Wire Feed Speed 20
Oscillation (Hz)
Heat Input (kJ/in)
Shielding Gas and 35CFH – 100%Ar
Torch Angle 39°




I (Hot Wire - A)
91 
 
Each of the seven wires, Wires 1-6 and the original E80C-Ni2, referenced as Wire 0, 
were welded at different heat inputs: an optimal (median), low and high. These welds were all 
carried out at the maximum oscillation of 19Hz. Following that two more welds were made at 
the median heat input at 0Hz and 16Hz for a total of five welding conditions for each welding 
composition. As shown in Table 7, the hot-wire amperage was fixed at 80A, as was the torch 
angle of 39o, shielding gas of 35 CFH Argon, and wire feed speed of 20 IPM. The hot-wire angle 
of 0° refers to the angle relative to the perpendicular of the welded plate and is the angle at which 
the wire entered the weld pool.  
Figure 3.14 shows the effect of heat input on acicular ferrite for the six experimental 
wires (numbered from 1 to 6) and the control wire of E80C-Ni2, labeled as wire 0,  The 
composition of the wires are referenced in Table 3.4 and Table 3.5, wire oscillation was fixed at 
19 Hz and along the x-axis is the wire number. Each wire is grouped from left to right, and 
lowest heat input to highest heat inputs at the oscillation of 19 Hz. The six experimental wires 
showed a range of acicular ferrite from 34% to 64%.  
All the experimental wires showed improvement when compared with the base E80C-
Ni2 (Wire 0) for each welding condition.  At the same time, all showed sensitivity to heat input - 
decreasing acicular ferrite with increasing heat input. When plotted against for a constant heat 
input (18kJ/in) in Figure 3.15, oscillation from 0 to 19Hz did not show any significant trend or 
effect on the amount of acicular ferrite.  microstructure. Figure 3.16 shows that oxygen varied 
between 85 and 135 ppm for the entire range of heat input considered, again at a constant wire 
oscillation of 19Hz. The variation can only be considered minor. Varying the wire oscillation and 
keeping heat input constant at 18kJ/in, oxygen varied between 78 and 154 ppm, as shown in 




Figure 3.14 Acicular ferrite total for each wire composition at varying heat inputs with the 





Figure 3.15 Acicular ferrite total for each wire composition at varying oscillation and a fixed 




Figure 3.16 Measured oxygen content, in ppm, for each weld at varying heat inputs and fixed at 
the maximum oscillation of 19Hz. Each wire number above corresponds to the composition 




Figure 3.17 Measured oxygen content, in ppm, for each weld at varying oscillation and fixed 







The variation was slightly larger variation and with more scatter than that associated with 
heat input. There is little evidence of a consistent behavior across all seven wire compositions. 
The effect of heat input on microstructure is demonstrated in the micrographs in Figure 
3.18. The decrease in acicular ferrite with increasing heat input can be attributed to the 
decreasing cooling rate of the weldment which also highlights the sensitivity of the consumables 
to varying heat input. 
As indicated earlier, the composition of each wire is given in Table 3.4 and Table 3.5. 
There is an increase in titanium over the targeted minor alloying additions due to dilution with 
the base metal. The results of dilution and similar initial compositions resulted in a narrow band 
of composition for the bead-on-plate weldments. To expand the range of composition variation, a 
series of multiple pass weldments were carried out with Wires 4 and 6. Wire 4 was chosen 
partially for its lower titanium content, such that the titanium composition can be broadened as 
much as possible. Wire 4 welds also presented better responses toward inclusion 
characterization. Wire 6 was chosen for the large nickel difference, 1.6 wt.pct. compared to an 
average of the other five experimental wires of 2.5 wt.pct.  Table 3.7 summarizes the 
compositional differences of these weldments. As shown, the ability to reduce the titanium 
through dilution was effective compositionally and resulted in shifts in acicular ferrite.  
Figure 3.19 shows the variation in acicular ferrite with titanium. High amounts of 
acicular ferrite (approximately 80%) was observed for low concentrations of titanium. A second 
peak was observed for around 250 ppm of titanium. This similar trend has been reported 




Figure 3.18 Representative micrographs of varied heat input on experimental Wire 4 at the 
maximum wire oscillation of 19Hz. A) 19Hz wire oscillation at 13kJ/in; B) 19Hz wire oscillation 











Oscillation C Si S P Mn Ni Cr Mo AF Ti Al Zr O N 



















ppm ppm ppm ppm ppm 
1 E80CNi-2 18 19 0.166 0.394 0.003 0.010 0.921 0.789 0.414 0.123 44 346 195 <10 118 39 
2 E80CNi-2 18 16 0.142 0.395 0.003 0.009 0.987 0.887 0.387 0.113 44 302 170 <10 115 46 
3 E80CNi-2 26 19 0.16 0.453 0.001 0.007 0.995 0.991 0.366 0.108 38 321 182 <10 134 42 
4 E80CNi-2 13 19 0.133 0.388 0.003 0.009 0.958 1.160 0.314 0.090 52 269 177 <10 107 54 
5 E80CNi-2 18 0 0.164 0.519 0.000 0.002 1.164 0.710 0.460 0.125 45 480 235 <10 148 46 
6 Wire 6 18 0 0.164 0.353 0.001 0.010 0.915 0.164 0.539 0.148 55 361 253 <10 131 49 
7 Wire 6 18 19 0.149 0.333 0.003 0.009 1.039 0.371 0.467 0.184 53 295 223 <10 121 37 
8 Wire 6 18 16 0.145 0.351 0.003 0.009 1.049 0.428 0.453 0.173 51 252 153 <10 142 53 
9 Wire 6 26 19 0.163 0.341 0.002 0.008 1.090 0.438 0.435 0.187 54 272 211 <10 127 48 
10 Wire 6 13 19 0.123 0.336 0.003 0.008 1.150 0.620 0.371 0.204 64 220 213 <10 111 50 
11 Wire 3 13 19 0.131 0.317 0.004 0.008 0.918 0.905 0.378 0.212 63 228 193 <10 105 46 
12 Wire 3 18 19 0.134 0.330 0.004 0.009 1.044 1.011 0.358 0.183 58 210 202 16 95 50 
13 Wire 3 26 19 0.140 0.369 0.004 0.008 1.044 1.059 0.351 0.207 57 235 186 14 111 49 
14 Wire 3 18 16 0.169 0.414 0.003 0.007 1.026 1.103 0.338 0.194 54 212 210 12 78 40 
15 Wire 3 18 0 0.115 0.324 0.004 0.009 1.047 1.011 0.358 0.193 57 236 198 12 133 45 
16 Wire 5 18 0 0.133 0.346 0.003 0.010 1.000 0.763 0.423 0.194 54 257 202 <10 78 42 
17 Wire 5 18 16 0.137 0.361 0.004 0.009 1.102 1.107 0.357 0.210 57 210 205 13 94 44 
18 Wire 5 18 19 0.121 0.394 0.001 0.006 1.167 1.082 0.373 0.214 58 236 197 11 110 43 
19 Wire 5 26 19 0.123 0.355 0.003 0.008 1.087 1.112 0.362 0.198 54 206 193 16 130 46 








Oscillation C Si S P Mn Ni Cr Mo AF Ti Al Zr O N 



















ppm ppm ppm ppm ppm 
21 Wire 4 13 19 0.121 0.328 0.004 0.009 1.031 1.012 0.4 0.196 58 244 206 <10 90 44 
22 Wire 4 26 19 0.116 0.35 0.004 0.009 1.081 1.049 0.359 0.204 55 207 199 <10 115 41 
23 Wire 4 18 19 0.126 0.346 0.004 0.009 1.003 0.817 0.407 0.198 56 244 193 <10 101 46 
24 Wire 4 18 16 0.099 0.341 0.004 0.008 1.085 1.163 0.331 0.198 56 183 191 <10 95 49 
25 Wire 4 18 0 0.133 0.337 0.004 0.009 1.041 0.917 0.383 0.208 60 231 199 <10 154 43 
26 Wire 1 18 0 0.129 0.408 0.005 0.009 1.079 1.074 0.321 0.204 59 211 209 <10 117 32 
27 Wire 1 18 16 0.122 0.393 0.005 0.01 1.055 0.952 0.361 0.205 54 234 224 <10 101 49 
28 Wire 1 18 19 0.156 0.484 0 0.003 1.257 1.031 0.37 0.199 59 292 191 <10 117 42 
29 Wire 1 26 19 0.122 0.385 0.005 0.01 1.099 0.879 0.383 0.212 55 260 198 <10 114 40 
30 Wire 1 13 19 0.136 0.387 0.004 0.01 1.042 0.738 0.416 0.192 58 273 217 <10 96 50 
31 Wire 2 13 19 0.129 0.324 0.004 0.009 1.041 1.018 0.388 0.209 61 253 257 <10 96 43 
32 Wire 2 26 19 0.184 0.389 0.001 0.006 1.147 1.069 0.355 0.207 56 238 185 <10 123 43 
33 Wire 2 18 19 0.128 0.331 0.004 0.009 1.079 0.935 0.373 0.192 57 231 187 <10 93 49 
34 Wire 2 18 16 0.12 0.334 0.005 0.008 1.133 1.393 0.279 0.217 54 156 190 <10 131 43 
35 Wire 2 18 0 0.139 0.367 0.004 0.008 1.065 1.033 0.361 0.217 52 250 200 11 109 45 
36 Wire 4 38 19 0.117 0.366 0.004 0.008 1.095 1.327 0.283 0.206 44 159 189 <10 128 42 
37 Wire 6 38 19 0.145 0.323 0.002 0.009 1.008 0.359 0.453 0.178 43 286 215 <10 126 39 
38 Wire 3 38 19 0.134 0.354 0.004 0.008 1.002 1.016 0.337 0.199 43 225 179 <10 109 41 
39 Wire 5 38 19 0.113 0.328 0.003 0.008 1.005 1.028 0.335 0.184 42 190 178 <10 116 40 
40 Wire 1 38 19 0.116 0.364 0.005 0.010 1.040 0.831 0.362 0.201 43 246 187 <10 119 43 
41 Wire 2 38 19 0.181 0.383 0.001 0.005 1.130 1.053 0.350 0.204 43 234 182 <10 133 39 




Table 3.8 Multiple pass welds completed as part of a dilution study to expand the composition range. The number of passes is noted as 




Oscillation C Si S P Mn Ni Cr Mo AF Ti Al Zr O N 



















ppm ppm ppm ppm ppm 
21-2P Wire 4 13 19 0.115 0.358 0.004 0.008 1.098 1.143 0.339 0.209 48 194 187 14 114 43 
22-2P Wire 4 26 19 0.109 0.354 0.004 0.008 1.086 1.209 0.313 0.205 42 181 181 <10 109 51 
23-2P Wire 4 18 19 0.104 0.332 0.004 0.008 1.110 1.305 0.293 0.212 41 167 462 <10 122 40 
24-2P Wire 4 18 16 0.138 0.356 0.005 0.008 1.140 1.482 0.260 0.206 35 134 177 14 119 44 
25-2P Wire 4 18 0 0.118 0.370 0.004 0.008 1.106 1.341 0.286 0.208 37 160 191 16 107 56 
23-3P Wire 4 18 19 0.107 0.323 0.005 0.006 1.115 1.800 0.211 0.224 45 106 174 15 146 38 
23-4P Wire 4 18 19 0.055 0.316 0.006 0.006 1.185 2.027 0.138 0.239 60 80 111 11 157 42 
23-5P Wire 4 18 19 0.036 0.330 0.006 0.006 1.225 2.113 0.116 0.241 78 60 85 9 150 45 
7-3P Wire 6 18 19 0.105 0.310 0.005 0.006 1.262 1.082 0.256 0.224 42 142 150 <10 186 40 
7-4P Wire 6 18 19 0.111 0.303 0.005 0.006 1.337 1.230 0.158 0.233 62 90 129 <10 155 48 





Figure 3.19 The acicular ferrite as a function of titanium shows a trend with two peaks at a low 
and median amount of titanium. For Wires 4 and 6, everything to the left of the line is associated 





Figure 3.20 Molybdenum (wt. pct.) for each weldment. The final molybdenum content is 
increased for all welds, experimental Wires 1-6 as compared to the E80C-Ni2 composition. 
Shown above are four different heat inputs for the molybdenum content. In each instance the 








Figure 3.21 Representative micrographs of varied titanium amount on acicular ferrite. Multiple 
weld passes were evaluated to dilute the final weld metal titanium content to reduce contribution 
from the base plate. A) Wire 4, 19Hz wire oscillation and 18kJ/in – 60PPM Ti; B) Wire 4, 19Hz 
wire oscillation and 18kJ/in – 80PPM Ti; C) Wire 4, 19Hz wire oscillation and 18kJ/in – 
106PPM Ti; D) Wire 4, 19Hz wire oscillation and 18kJ/in – 167PPM Ti; E) Wire 4, 19Hz wire 








With decreasing titanium in the multipass weldments, an increasing acicular ferrite 
beyond the demonstrated maximum in Figure 67 can be expected. The minima falls between 80 
ppm and 180 ppm titanium while a broad peak occurs between 180 ppm and 350 ppm.  The 
increase in acicular ferrite for each experimental wire over the initial composition, Wire 0, can 
be attributed to a shift in molybdenum in the as-deposited bead-on-plate weldments. A similar 
effect has been reported in literature by Evans, in conjunction with 1.0%Mn in a low alloy steel 
weldment. There is, however some disparity in the compositions [49]. Figure 3.22 demonstrates 
this molybdenum effect, with an increase in acicular ferrite with increased molybdenum, for all 
conditions. The bead-on-plate weldments revolved around a narrow compositional window that 
was expanded through a series of dilution experiments to demonstrate the importance of titanium 
content in determining acicular ferrite content. The effect of zirconium could not be determined 
as its presence could not be detected. The increase in acicular ferrite between the initial 
composition and the experimental wires could be attributed to an increase in molybdenum. 
3.7 Inclusion Size Distribution  
SEM images of each weldment were analyzed for the diameter and distribution of 
inclusions according to the procedure described in Section 2.6 of the Experimental Procedure. 
Images of the unetched sample were taken for inclusion population characterized with ImageJ 
analysis software. The total number of inclusions and their diameters were tallied. Histograms of 
these images were created to determine the inclusion diameter distribution to build a relationship 
between process parameters, microstructure and composition.  
To partition the inclusion distribution and determine important size ranges, the Zener 
criterion was used to establish the critical pinning diameter.  The mean linear intercept distances 
used for the measurement of prior austenite grain size varied between 58 and 105 microns. The 
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median was 80 microns. Utilizing the Zener pinning criterion the prior austenite grain size 
diameter (Dcritical) is proportional to the precipitate radius (r) and inversely proportional to the 
volume fraction (f)  of precipitates. This relationship was discussed previously as Equation 3.11  
 
� ∝      (3.11) 
 
The inclusion size required for acicular ferrite nucleation must be larger than the Zener 
diameter, as the Zener diameter refers to the critical inclusion diameter that would pin the prior 
austenite grain boundary.  Figure 3.22 shows the measured prior austenite grain size 
(approximately 60 to 110 m) and the related Zener pinning diameter between 0.05 and 0.25 
microns. These values also imply that inclusions larger than 0.25 microns should be intragranular 
and potential acicular ferrite nucleation sites. Utilizing the subset of the inclusion data larger than 
0.2 microns allows for a closer look at the inclusion diameter distribution in the intragranular 
range.  
The inclusion size histogram for a weld prepared with 1.8kJ/in heat input, 19Hz wire 
oscillation frequency and experimental wire 3 is illustrated in Figure 3.23. Note that there are 
many inclusions with diameters smaller than 0.1 microns. Omitting those inclusions, a second 
plot was developed to show only inclusions with diameters greater than 0.2 microns. These 
inclusions will serve to pin the austenite grain boundaries and promote nucleation of acicular 
ferrite intragranularly. Utilizing the number of inclusions, in a fixed area captured across all 
weldments is presented as an inclusion density measurement. To father elaborate in the inclusion 
populations mentioned previously. The reported numbers below are number of inclusion counts 
within the twenty 40 µm x 32 µm areas as mentioned in Section 2.6. 
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In Figure 3.24, the inclusion size distribution is shown for all seven wire compositions for 
the same welding condition of 18kJ/in heat input and no wire oscillation. The wire designations 
are shown as (18kJ/in-0Hz-WX), where WX is the wire number. With each welding parameter, 
the different compositions demonstrated a distinct behavior in two ranges, larger and smaller 
than 0.4 microns in diameter.   
All three wires, W(0), W(5) and W(2), have lower measured acicular ferrite amounts, of 
45%, 54% and 52% respectively, relative to wires W(1), W(3) and W(4). 
They also exhibit an increased number of inclusions in this sub 0.4-micron range. This 
lower range and trend are defined herein as Mode 1 in Table 10. 
In the range above 0.4 micron, three wires exhibited an increased number of inclusions. These 
three are W(1), W(3) and W(4), which demonstrated increased acicular ferrite content, 59%, 
57% and 60% respectively. This increased inclusion number in the range above 0.4 micron is 
designated as Mode 2. Wire W(1) demonstrated a mixed mode between the two afore mentioned 
distributions, with a larger number of inclusions in both ranges, this is defined as Mode 3, or 
mixed mode. Lastly, wire W(6) showed no trend in either direction, regarding the size 
distribution of inclusion diameter.  
Defining the inclusion distribution according to distinct behaviors allowed for a 
correlation between microstructure of a weld and its inclusion characteristics.  Earlier in Section 
1.3.4, Figure 1.13 showed four inclusion behaviors associated with non-nucleation or nucleation 
type and the resultant lath structure or acicular ferrite microstructure [45]. Inclusions Type 1 and 





Figure 3.22 The calculated Zener diameter with respect to the measured prior austenite grain 







Figure 3.23 All measured inclusion counts by SEM image analysis of Wire 3 at 18kJ/in heat 
input and 19Hz of wire oscillation. The inclusions are significantly biased towards diameters 







Figure 3.24 Inclusion diameter histograms for all seven welding compositions, for the same 
condition (18kJ/in heat input and 0Hz oscillation). Each histogram denotes the acicular ferrite 
volume for that weld, as well as two inclusion counts; L and R. L is the number of inclusion 






Types 3 and 4 nucleate acicular ferrite with different initial lath structures. Each type of 
the inclusions was measured, and an associated size distribution was given. The inclusion 
distributions that were weighted to a higher average diameter (as defined by Types 3 and 4) 
demonstrated similar behavior to Mode 2 (and the mixed Mode 3) above. Inclusions defined as 
Type 3 and Type 4 acted as nucleating inclusions. These nucleating inclusions were, on average, 
larger in diameter than the non-nucleating inclusions and their sizes fell within the ranges 
defined by Mode 2 and 3 behaviors in Table 10.  
The behaviors of the inclusion distribution relate to the total amount of acicular ferrite 
present in each weldment for a given condition. Three distinct behavior were noted: in the ranges 
of 0.2 to 0.4 microns, 0.4 to 0.75 microns and then a mix of the two. Utilizing 0.2 microns as the 
lower threshold, i.e. inclusions larger than 0.2 microns are non-grain boundary pinning but act as 
potential nucleation sites. Therefore, an increase in acicular ferrite is expected in welds that 
contain inclusions that display such a behavior.  This behavior is classified as Mode 1. Mode 2 is 
the second range on inclusions, ranging from 0.4 to 0.75 and is determined by an increase in the 
counts and distribution relative to the number of inclusions on the other side of 0.4 micron. 
Lastly, Mode 3 is the mixed Mode that shows both behaviors from Mode 1 and Mode 2.  There 
are distributions where no clear trend is visible, correspondingly the related amounts of acicular 
ferrite do not fit into a trend. Table 3.10 shows that each behavior has a noted effect. Mode 2 and 
Mode 3 demonstrated increased amounts of acicular ferrite relative to the other behaviors for a 
given set of welding parameters and, thus would be the preferred behavior modes. 
Based on the inclusion behavior of each of the experimental wire compositions evaluated, 




Table 3.9 Histogram Behavior Identification for the different inclusion distribution behaviors 
within the 0.2 to 0.75-micron ranges. 




Mode 1 - An inclusion 
bias towards 0.2-micron 
diameter inclusion size. 
This acicular ferrite volume 
percent is lower relative to 
Modes 2 and 3 at the same 
welding parameters. 
 
Mode 2 – An increase in 
the frequency of 
inclusion diameters 0.4 
micron and larger. 
The acicular ferrite volume 
percent is increased relative 
to Mode 1 and may or may 
not be larger than Mode 3. 
 
Mode 3 – A mixed mode 
between Modes 1 and 2. 
The acicular ferrite volume 
percent is increased relative 
to Mode 1 and may or may 
not be larger than Mode 2. 
None No definable behavior.  
 
Table 3.10 The defined behavior for the control and six experimental wire compositions, tested 
as bead-on-plate welds. The figures for each condition are referenced in Appendix A. 
 Behavior 
Condition Mode 1 Mode 2 Mode 3 None 
18kJ/in 0Hz W0, W5, W2 W3, W4 W1 W6 
18kJ/in 16Hz W0, W6 W3, W4 W1 W2, W5 
18kJ/in 19Hz W2, W5, W4, W6 W1, W3  W0 
13kJ/in 19Hz W1, W2, W5 W0, W3, W6  W4 





3.8 EDS Inclusion Analyses 
 
The SEM image analysis captured many inclusion diameters below 0.2 micron which are 
difficult to distinguish at the available resolution on the FESEM. The inability to characterize 
these very fine particles did not represent any setback to the research since they serve as grain 
boundary pinners and would be collected along the prior austenite grain boundaries.   
EDS analysis was undertaken to determine what alloying elements are present in each 
inclusion. In Figure 3.25, the EDX map captured four inclusions at 5000X magnification. In the 
electron dot maps, brighter dots represent the presence of the element being queried. Aluminum, 
titanium, oxygen and sulfur were found to be present and associated with each other. In the 
microstructure image the four inclusions are seen, numbered from one to four.  The compositions 
of each inclusion are also shown in the table below the EDX maps. Alumina was present in all 
inclusions. Titanium oxide and manganese sulfide were also present with alumina in Inclusion 
three. Figure 3.26 illustrates the makeup of each inclusion. It is proposed that inclusion three had 
a layered structure with intercalated oxide and sulfide layers, creating a complex inclusion. The 
EDX map in  
Figure 3.27 shows another set of five inclusions, captured at the same magnification 
mentioned previously. All five inclusions contained alumina, and only one inclusion, Inclusion 
two, had other alloying elements associated with it. It is believed that titanium oxide, manganese 
sulfide and alumina were all present in Inclusion two, as seen in Figure 3.28. Of the inclusions 
viewed, zirconium was not detected in any inclusions. Inclusions characterized by electron 
dispersive spectroscopy were prevalently aluminum oxides or layered inclusions containing 
aluminum and titanium oxides, and manganese sulfide. 




Figure 3.25 Representative EDS images of a subset of inclusions. Of note is that aluminum is in 
all four locations, whereas titanium is only found in one and zirconium does not appear at all. 
 
 Wire 2 26kJ/in 19Hz 
Inclusion 1 Inclusion 2 Inclusion 3 Inclusion 4 
Al2O3 Al2O3 Al2O3 Al2O3 
  MnS  
  TixOy  
 














Figure 3.27 Representative EDS image, once again note the aluminum. Titanium and zirconium 
are not present in any of the inclusions. 
 
 Wire 2 18 kJ/in 0Hz  
Inclusion 1 Inclusion 2 Inclusion 3 Inclusion 4 Inclusion 5 
Al2O3 Al2O3 Al2O3 Al2O3 Al2O3 
 MnS    
 TixOy    
 
 
Figure 3.28 Schematic representation of the EDX map above, demonstrating the inclusion 












3.9 Activated Gas Tungsten Arc Welding  
The last step in the verification of microstructural modification in the proposed alloy 
system was to introduce additional oxygen to the weldment to investigate the effect of oxygen on 
acicular ferrite formation even in an oxygen-restricted weld system. One expedient method was 
with a flux paste commonly referred to as Activated Gas Tungsten Arc Welding (A-TIG). It is 
understood the several shortcomings of the A-TIG process and that this method is neither the 
most practical or the most desired method for the intended applications. However, the process 
was effective to establish an additional correlation within the welded specimens by significantly 
increasing the oxygen content. The limited variation noticed between the six experimental 
consumables could be linked to an oxygen-restricted system, in that the weldments had utilized 
all the available oxygen in the system without reaching their full potential in microstructural 
control.  
To investigate the proposed explanation silica and rutile pastes were welded over with 
Wire 4, at 18kJ/in of heat input and the maximum wire oscillation of 19Hz. The additional 
oxygen content indeed shifted the inclusion size distribution discussed in Section 3.2.2.  Wire 4 
displayed Mode 1 Behavior, with the majority of the inclusions trending towards 0.2 micron in 
diameter, within the sub 0.4-micron regime which is also indicative of lower acicular ferrite. 
Five welds were made with Wire 4 but varying the ratio of silica and rutile as shown in Table 
3.11. Silica varied from 0 to 100% in 25% increments. As silica increased, rutile decreased 
accordingly as those are the two only ingredients in the flux paste.  
Table 12 shows that oxygen increased significantly from the original 100 ppm. The 
increase in oxygen was significant. Figure 3.29 shows an increase of over 600 ppm oxygen with 
the equivalent composition ratio of rutile and silica flux. The 50% SiO2 and 50% TiO2 paste 
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showed the largest increase of oxygen, to over 800 ppm. All composition showed an increased 
trend of oxygen over the original A0T0S, without flux. The total number of inclusions greater 
than 0.2 micron, also shown in the figure, increased with increasing oxygen content. The acicular 
ferrite content as function of the weld composition is shown in Figure 3.30. The acicular ferrite 
maximum correlates directly to the oxygen maximum. This is not expected; the significantly 
increased oxygen content at over 800 ppm would have contributed to the modification of the 
inclusion population and reduction in the amount of acicular ferrite.  An increase in aluminum of 
weld A100T0S is unexpected as no other weldments showed increasing aluminum trends shown 
in Table 3.12. The effect of aluminum on acicular ferrite and oxygen content has been discussed 
earlier in Section 1.5.5, and the work done be Abson et. Al., and the effect of this aluminum 
variation was not explored further herein. The effect of aluminum and titanium at elevated 
oxygen is recommended for exploration in a later program.  
Weld A0T0S in Figure 3.31 is the control, with no flux added. Sequentially each weld is 
made with increasing amounts of rutile at the expense of silica. Immediately a behavior shift to 
Mode 2 is seen for welds A0T100S and A25T75S, both of which show an increase in oxygen 
content and acicular ferrite volume percent. Continuing with increasing rutile, a maximum is 
seen in A50T50S, which is an even mixture of both silica and rutile. The behavior shifts to Mode 
3, which is the combined behavior of Modes 1 and 2. The total number of inclusions in the 
possible nucleating range is 431 counts. Following A50T50S, A75T25S and A100T0S keep the 
Mode 3 behavior, but the oxygen content, acicular ferrite and the frequency of inclusions all 
decreased. All six weldments were made at the same welding parameters, as the original A0T0S, 
18kJ/in and 19Hz wire oscillation.
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Table 3.11 Details for the six welds made with Wire 4, the significant oxygen increase is noted, as is the inclusion diameter shift in 

























A0T0S 0 0 100.7 46.1 198 20 218 57 
A0T100S 100 0 211.8 41.1 181 103 284 60 
A25T75S 75 25 200.1 42.6 116 102 218 63 
A50T50S 50 50 834.6 45.3 321 101 422 75 
A75T25S 25 75 727.2 44.7 203 50 253 67 
A100T0S 0 100 573 47.6 196 43 239 66 
 
Table 3.12 Composition of each of the A-TIG welds made, with the control A0T0S which utilized no flux paste. All welds were made 
with the same welding parameters, 18kJ/in and 19Hz wire oscillation.  
Weld C Si S P Mn Ni Cr Mo V Ti Al Zr 
ID wt. pct. wt. pct. wt. pct. wt. pct. wt. pct. wt. pct. wt. pct. wt. pct. wt. pct. ppm ppm ppm 
A0T0S 0.126 0.346 0.004 0.009 1.003 0.817 0.407 0.198 0.023 244 193 <10 
A0T100S 0.151 0.383 0.002 0.006 1.093 1.202 0.334 0.222 0.019 197 212 <10 
A25T75S 0.144 0.363 0.003 0.009 1.039 0.967 0.372 0.218 0.021 219.8 189 <10 
A50T50S 0.110 0.367 0.004 0.009 0.941 1.131 0.339 0.208 0.019 216.9 176 <10 
A75T25S 0.151 0.353 0.003 .0954 1.002 0.704 0.424 0.194 0.023 234.2 193 <10 





Figure 3.29 The oxygen content for the ATIG weldments, with the total number of inclusion 





Figure 3.30 The acicular ferrite volume percent measured for each of the activated GTAW wires. 






Figure 3.31 Behavior and inclusion diameter histograms for 6 welds made with Wire 4. 
 
It should be noted that the influence of oxygen introduction via flux paste deserves a larger study 
than has been included in this work. Flux application and composition are critical welding 
parameters that should be fully explored.  
When the rutile and silica mixtures were applied for welding, the oxygen content was 
increased significantly for Wire 4, which resulted in a shift in the inclusion distribution behavior 
and consequently acicular ferrite content as well. This observation also corroborated with the 





Figure 3.32 Activated GTAW micrographs showing the effect of increased oxygen content on microstructure and varied acicular 
ferrite response. The naming convention is as stated earlier, all welds were made at 18kJ/in of heat input and 19Hz of wire oscillation; 
A0T0S is the control with no additional silica or rutile. A0T100S utilized a 100% silica paste; A25T75S paste composition was 25% 
rutile and 75% silica; A50T50S was a 50% rutile and 50% silica paste; A75T25S was 75% rutile and 25% silica and A100T0S was 
100% rutile paste. 
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3.10 Acicular Ferrite Prediction 
With the large number of variables (wire elemental composition, heat input and 
oscillation) and the marked similarity in compositions, multiple linear regression was used to 
analyze the data for the determination of the most important factor(s) with respect to acicular 
ferrite content.   
Multiple linear regression is a common form of linear regression analysis.  When used for 
predictive analysis, the multiple linear regression can help explain the relationship between one 
continuous dependent variable and two or more independent variables. The model assumes an 
absence of multicollinearity, which means that the independent variables are not too highly 
correlated. For example, heat input and travel speed would be considered highly correlated since 
heat input is a function of the travel speed.  
The task of multiple linear regression analysis can be summarized as fitting a single line 
through a scatter plot where the simplest form would have one dependent and two independent 
variables.  These variables may also be referred to as the outcome variable and the predictor 
variables, respectively. Multiple regression is used to identify the strength of the effect that the 
independent variables have on a dependent variable. While heat input is an essential variable that 
affect acicular ferrite in steel welds, which other elements also affect the acicular ferrite? How 
significant is titanium and how much does one variable affect the outcome over another variable? 
The methodology can also be used to forecast effects or impacts of changes and ideally, predict 
future values, both through interpolation and extrapolation. 
The process utilized was a stepwise elimination method, which takes a subset of variables 
and eliminates them moving forward to find a linear fit utilizing the; composition, heat input, and 




Table 3.13 Linear regression modeling fits, with different iterations and the impact variables. 












Acicular Ferrite = -40.6 – 0.486(HI) + 








Acicular Ferrite = 60.0 + 27.5(C) – 586(Ti) 
+ 60.0(Mo) + 1.393(Travel Speed) 











Acicular Ferrite = 53.76 - 0.357(HI) 
+ 123.0(Mo) + 0.862(Travel Speed) 









Acicular Ferrite = 47.00 – 452(Ti) + 82.5(Mo) 
+ 1.569(Travel Speed) – 616(Cu) 
63.15% 
 








Figure 3.33 The predicted acicular ferrite volume percent as a function of heat input. Three of the 
regression equations utilized heat input as an impact variable, by modifying the other available 






Multiple iterations of the regression analysis were taken to achieve the best fit and to 
eliminate or include different variables.  
Six different regression models were presented in Table 3.13, with their associated R-
squared values as a determination of fitness for use. Each different iteration utilized subsets of 
the samples as noted in the table to mitigate collinear analysis, when the model flagged a certain 
iteration, or to force a different controlling variable as mentioned earlier. These variables are 
shown in the second column.  
This procedure can be exemplified by Regression Model 1 (RM1) and Regression Model 
2 (RM2), each providing a simplified equation, with heat input and different alloying elements as 
controlling factors. The basic models are shown in Figure 3.33. Regression Model 4 (RM4) 
allows for the most variation, through alloy addition modifications of Molybdenum, Silicon, 
Tungsten, Cobalt and Boron as well as two process variations in Travel Speed and Heat Input. 
Regression Model 5 (RM5) and Regression Model 6 (RM6) bear additional discussion, both 
introduce a significant composition shift with the impactful variables varying from just titanium 
to copper, molybdenum, titanium and the effect of travel speed resulting in linear models. 
However, the effect on the acicular ferrite is not linear, as seen in  
Figure 3.19 in Section 3.2.1 previously, with the two plateaus shown with varied titanium 
additions. Model RM5 uses all possible predictors but obtained a low linear fit.  Model RM6, 
however included only very few data points, which can be a possible reason for the poor fit. 
RM1, RM2 and RM4 are extrapolated and shown in Figure 3.33. Based on an 
interpolated data fit, it would theoretically be possible to achieve an acicular ferrite maximum 
above 80% when certain composition and parameter conditions are met. These conditions are 
shown below in Table 3.14. It is assumed that the remaining elements are fixed at the nominal 
126 
 
composition shown in Table 3.15, which is the mean of the six experimental wire compositions 
and the key parameters and variables noted in Table 3.14 would override the mean composition 
for consumable design. 
The regression model allows for three different models predicting acicular ferrite above 
80% vol. acicular ferrite, with a range of process parameters associated with them. The best fits 
for the models were in a relatively narrow composition range and to utilize these models would 
require more extensive experimental validation. 
 
 
Table 3.14 The key parameters from the regression models RM1, RM2 and RM4. 
 Key Parameter and Compositional Variables 
   (All in wt. pct.) 
Model Heat Input 
Travel 
Speed 
C Cr S Si Ti Mo W Co B 
RM1 <20kJ/in  0.08 0.01        
RM2 <40kJ/in    0.01 0.75 0.001     











C S P Si Cr Ni Mn Cu Mo 
0.056 0.010 0.006 0.328 0.020 2.458 1.233 0.022 0.228 
Nb Ti Al V Co W Sn Zr  







1) The effect of the TipTig process parameters on acicular ferrite and oxygen content 
demonstrated an insensitivity to oscillation but reinforced the importance of heat input. 
Acicular ferrite decreased with increasing heat input. 
 
2) In the bead-on-plate weldments, the six experimental wires demonstrated an increased 
acicular ferrite vol. pct relative to the initial composition, E80C-Ni2 (W0) due mainly to 
an increase in molybdenum. 
 
 
3) The nucleation of acicular ferrite is sensitive to both inclusion size and composition, and 
weld composition. 
 
4) Increasing the oxygen content of the bead-on-plate welds resulted in an increase of 
acicular ferrite. Oxygen content greater than 200 ppm would result in increased acicular 
ferrite to a maximum. 
 
 
5) Multiple linear regression analysis was utilized to predict potential filler metal 





6) Based upon similarities in the response to reduction in titanium, and changes in both 
oxygen content and inclusion the current optimal wire compositions are experimental 
Wires 3 and 4. The relative increase in oxygen content and number of potential 
nucleating inclusions in Wire 3 indicate that it is promising for further testing. Wire 4 
demonstrated an insensitivity to oscillation and a similar inclusion response on differing 
heat input conditions, recommending it for further testing as well. The specific chemical 
composition of these two wires is given below. 
 Wire 3 Wire 4 
Carbon 0.057 0.057 
Sulfur 0.007 0.007 
Phosphorous 0.007 0.007 
Silicon 0.324 0.326 
Chromium 0.141 0.152 
Nickel 2.076 2.109 
Manganese 1.214 1.209 
Copper 0.039 0.040 
Molybdenum 0.245 0.249 
(Nb)Columbium 0.002 0.002 
Titanium 0.002 0.002 
Aluminum 0.011 0.011 
Vanadium 0.008 0.009 
Cobalt 0.006 0.006 
Tungsten 0.006 0.006 











1) Exploration of molten metal droplet transfer should be further explored. Utilizing high 
speed video, initial results were found that process parameters; hot-wire amperage and 
wire oscillation, affected the droplet size and transfer mode into the molten weld pool. 
Studies were curtailed due to equipment and software limitations. Included are some 
snapshots of the changing transfer, globular to the wire fully impinging on the weld pool. 
2) The compositions resulting from the linear regression models developed in Section 3.4 
and described below can be treated as baseline for future consumable design and testing 
to further optimize weld metal oxygen content and inclusion population distribution.  
 Key Parameter and Compositional Variables 
   (All in wt. pct.) 
Model Heat Input 
Travel 
Speed 
C Cr S Si Ti Mo W Co B 
RM1 <20kJ/in  0.08 0.01        
RM2 <40kJ/in    0.01 0.75 0.001     
RM4 <50kJ/in 11in/min    0.25  0.35 0.0019 0.005 0.0011 
 
3) The difficulty in targeting the titanium and acicular ferrite maximum of 30-50 ppm 
titanium is problematic from an industrial standpoint. Targeting the broader titanium peak 
around the 450 ppm range should allow for a more consistent acicular ferrite response. In 
addition, zirconium additions could allow for a better titanium versus zirconium 
nucleation potency discussion in with larger zirconium additions. The effect of 
molybdenum in conjunction with the aforementioned alloying additions would be a 
valuable study as well. 
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4) Mechanical Testing of the most optimal wire, from the microstructural screening process 
should be done to evaluate and determine the validity of the trial. In conjunction with 
this, verifying the predicted compositions from the regression models and subsequent 
mechanical testing, would quickly determine the model's effectiveness. 
5) Further pursuing different methods to introduce oxygen into the weld pool, with the dual 
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WIRE INCLUSIONS AND  
MICROSTRUCTURE 
 
Table A.1 Calculated Zener diameter and measured prior austenite grain size for each weldment. 
Weld ID Consumable Vibration (Hz) Heat Input (kJ/in) Zener Dia (uµ) PAGS (uµ) 
1 E80CNi-2 19 18 0.109 63.7 
2 E80CNi-2 16 18 0.142 74.7 
3 E80CNi-2 19 26 0.098 79.2 
4 E80CNi-2 19 13 0.151 87.5 
5 E80CNi-2 0 18 0.211 88.7 
6 Wire 6 0 18 0.081 67.5 
7 Wire 6 19 18 0.179 56.5 
8 Wire 6 16 18 0.139 75.3 
9 Wire 6 19 26 0.193 115.8 
10 Wire 6 19 13 0.396 98.3 
11 Wire 3 19 13 0.269 95.6 
12 Wire 3 19 18 0.165 95.6 
13 Wire 3 19 26 0.227 86.0 
14 Wire 3 16 18 0.177 95.6 
15 Wire 3 0 18 0.184 80.4 
16 Wire 5 0 18 0.166 71.9 
17 Wire 5 16 18 0.068 71.9 
18 Wire 5 19 18 0.153 73.4 
19 Wire 5 19 26 0.056 105.1 
20 Wire 5 19 13 0.358 96.2 
21 Wire 4 19 13 0.070 85.1 
22 Wire 4 19 26 0.182 104.2 
23 Wire 4 19 18 0.208 88.7 
24 Wire 4 16 18 0.154 76.4 
25 Wire 4 0 18 0.131 82.8 
26 Wire 1 0 18 0.317 67.6 
27 Wire 1 16 18 0.439 70.1 
28 Wire 1 19 18 0.337 72.2 
29 Wire 1 19 26 0.233 86.0 
30 Wire 1 19 13 0.163 72.8 
31 Wire 2 19 13 0.127 65.3 
32 Wire 2 19 26 0.089 71.7 
33 Wire 2 19 18 0.126 78.8 
34 Wire 2 16 18 0.115 61.5 







Figure A.1 For the E80C-Ni2 base wire, the inclusion distribution is shown in the 0.2 to 0.75-
micron range with varied wire oscillation frequency and heat input. 
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Figure A.2 For Wire 1, the inclusion distribution is shown in the 0.2 to 0.75-micron range with 
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Figure A.3 For Wire 2, the inclusion distribution is shown in the 0.2 to 0.75-micron range with 
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Figure A.4 For Wire 3, the inclusion distribution is shown in the 0.2 to 0.75-micron range with 
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Figure A.5 For Wire 4, the inclusion distribution is shown in the 0.2 to 0.75-micron range with 
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Figure A.6 For Wire 5, the inclusion distribution is shown in the 0.2 to 0.75-micron range with 
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Figure A.7 For Wire 6, the inclusion distribution is shown in the 0.2 to 0.75-micron range with 
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Figure A.8  All seven tested compositions for the 18kJ/in heat input and 16Hz oscillation, some 
distributions do not show a defined behavior. Each histogram denotes the acicular ferrite volume 
for that weld, as well as two inclusion counts; L and R. L is the number of inclusion diameters to 








Figure A.9 All seven tested compositions for the 18kJ/in heat input and 19Hz oscillation. Each 
histogram denotes the acicular ferrite volume for that weld, as well as two inclusion counts; L 






Figure A.10 All seven tested compositions for the 13kJ/in heat input and 19Hz oscillation which 
is the lowest heat input method. Each histogram denotes the acicular ferrite volume for that weld, 
as well as two inclusion counts; L and R. L is the number of inclusion diameters to the left of 0.2 









Figure A.11 All seven tested compositions for the 26kJ/in heat input and 19Hz oscillation which 
is the highest heat input testing condition. Each histogram denotes the acicular ferrite volume for 
that weld, as well as two inclusion counts; L and R. L is the number of inclusion diameters to the 













Figure B.1 The parameters for each wire, from left to right are as follows; 13kJ/in 19Hz, 18kJ/in 
0Hz, 18kJ/in 16Hz, 18kJ/in 19Hz, 26kJ/in 19Hz respectively. Each color is a unique composition 
noted in the legend above. The average weld metal hardness is shown. 
 
